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1. EXPLANATION 

Nitrate occurs in the environment, in air, food (particularly in vegetables and fruits) and water, and is 
produced endogenously. It is also used as a food additive, mainly as a preservative and anti-microbial 
agent. It is used in foods such as cheese and cheese products, raw and processed meats, edible casings, 
processed fish and fish products and spirits and liqueurs. 

Nitrate was reviewed by the Committee at its sixth, eighth, seventeenth and forty-fourth meetings 
(Annex 1, references 6, 8, 32 and 1 16). At its sixth meeting, the Committee allocated an ADI of 0- 
5 mg/kg bw to this substance, expressed as sodium nitrate. This ADI was based on a NOEL of 
500 mg/kg bw per day for body-weight gain at a higher dose in a long-term study in rats and a short- 
term study of toxicity in dogs, with a safety factor of 100. This ADI was retained by the Committee at its 
eighth and seventeenth meetings. After the latter meeting, numerous toxicological and epidemiological 
data became available, which were considered by the Committee at its forty-fourth meeting. 

At that meeting, the Committee concluded that nitrite should also be considered, because nitrate is 
readily converted in humans to nitrite. The rat was considered an unsuitable animal model for assessing 
the toxicity of nitrate, as it does not convert nitrate to nitrite in a quantitatively similar way to humans. 
Nevertheless, as the data on the toxicity of nitrate in other animal species were considered limited, the 
toxicity of nitrite in rats and the conversion rate of nitrate to nitrite were also evaluated. 

The Committee at its forty-fourth meeting concluded that nitrate itself was not genotoxic, and the results 
of studies of carcinogenicity with nitrate were negative except when extremely high doses of both nitrate 
and nitrosatable precursors were administered. The available epidemiological data were considered to 
provide no evidence for an association between exposure of humans to nitrite and the risk for cancer. On 
the basis of this information, the NOEL of 370 mg/kg bw per day, expressed as nitrate ion, in a long- 



term study in rats was considered to be the most appropriate for the safety evaluation. When the 
proportion of nitrate converted to nitrite in humans was taken as 5% for the average individual and 20% 
for those with a high level of conversion, and when the NOEL for nitrite (6 mg/kg bw per day, 
expressed as nitrite ion) was used to calculate the 'transposed' NOEL for nitrate, expressed as nitrate 
ion, these values were estimated to be 160 and 40 mg/kg bw per day for average and high responders, 
respectively. As these figures were derived in part from data on human pharmacokinetics, use of a safety 
factor of less than 100 was considered to be justified. 

On the basis of the NOEL of 370 mg/kg bw per day, expressed as nitrate ion, and a safety factor of 100, 
an ADI of 0-5 mg/kg bw expressed as sodium nitrate or 0-3.7 mg/kg bw expressed as nitrate ion was 
allocated. On the basis of the 'transposed' NOEL for nitrate of 160 mg/kg bw per day for normally 
responding persons (5% rate of conversion) and a safety factor of 50, an ADI of 0-3.2 mg/kg bw, 
expressed as nitrate ion, could be allocated. These two methods of deriving the ADI for nitrate thus 
resulted in similar figures, and the Committee at its forty-fourth meeting therefore retained the 
previously established ADI of 0-3.7 mg/kg bw, expressed as nitrate ion. 

The Committee at its present meeting reviewed data relevant to the evaluation of nitrate which had 
become available since its forty-fourth meeting. Studies illustrating the relevance and severity of certain 
effects and other supporting data were also considered. New information on metabolism and 
toxicokinetics were included. Data on the putative health benefits of nitrate were not assessed, as this is 
not a safety issue and is therefore not within the purview of the Committee. 

2. BIOLOGICAL DATA 
2.1. Biochemical aspects 

2.1.1 Absorption, distribution, metabolism and excretion 

The following is based on a review of the literature (Walker, 1996), which gives a clear picture of the 
pharamacokinetics and metabolism of nitrate. 

Ingested nitrate is readily absorbed from the proximal small intestine (Fritsch et al. ? 1979; Balish et al., 
1981) and rapidly equilibrates with body fluids. In rats, about 50% of an oral dose was detected in the 
carcass within 1 h; in humans, peak levels were achieved in serum, saliva and urine within 1-3 h 
(Bartholomew & Hill, 1984). There is little absorption from the stomach in most species, although some 
has been reported from the rumen of cattle (Wright & Davison, 1964). 

In humans and most laboratory animal species except the rat, nitrate is actively secreted in saliva in a 
dose-dependent manner (Cohen & Myant, 1959; Fritsch et al, 1985), but Spiegelhalder et al. (1976) 
were unable to detect an increase in salivary nitrate concentration in humans after ingestion of up to 54 
mg of nitrate. 

The active transport mechanism is common to iodide, thiocyanate and nitrate, in that order of affinity, 
and smokers who secrete high levels of thiocyanate have lower salivary concentrations of nitrate 
(Forman et al., 1985). It has been estimated that, in humans, about 25% of an orally ingested dose of 
nitrate is secreted in saliva (Spiegelhalder et al., 1976; Tannenbaum et al ., 1976), but these estimates are 
confounded by the great interindividual and diurnal variability in endogenous synthesis and secretion of 
nitrite. Although rats are reported not to have the necessary mechanism for active salivary secretion of 
nitrate (hindering extrapolation of toxicological studies in rats to human), they do secrete circulating 



nitrate into other gastric and intestinal fluids by an active transport system (Witter & Balish, 1979), so 
that enterosystemic cycling of nitrate may occur in this species also. In dogs given nitrate intravenously, 
extensive salivary secretion and extensive biliary secreation were seen, confirming this pathway of 
excretion for both nitrite and nitrate. Nitrate appears in milk by a passive diffusion mechanism, and the 
concentrations in human and canine milk did not exceed the plasma levels after ingestion of a nitrate- 
containing meal (Green et al., 1982). After absorption and equilibrium in body fluids, nitrate is rapidly 
excreted in urine. In humans, about 65-70% of any orally administered dose of nitrate was excreted in 
urine. Excretion was maximal about 5 h after dosage and essentially complete within 18 h (Bartholomew 
& Hill, 1984). The excretion followed first-order kinetics, and the elimination half-life was estimated to 
be about 5 h (Green et al., 1981). 

Some metabolic conversion of nitrate clearly occurs, as, in humans, about 3% of a dose of 15 N0 3 ~ 

appeared in the urine as urea and ammonia (Wagner et al, 1983); in rats, 1% of a dose appeared in urea, 
and ammonia was found in urine and faeces (Schultz et al., 1985). Nitrate can be reduced to nitrite by 
both enteric bacteria and mammalian nitrate reductase activity. Many species of microorganisms 
resident in the gastrointestinal tract have nitrate reductase activity (Hegesh & Shiloah, 1982), and this 
enzyme has been detected in rat liver and intestinal mucosa, although with much lower activity (Schultz 
etal, 1985). 

Comparative studies with germ-free and conventional rats indicated that about half of the 40-50% 
reduction of a dose of nitrate to nitrite in conventional animals was effected by mammalian nitrate 
reductase (Ward et al., 1986). However, Fritsch et al. (1985) were unable to detect this pathway in dogs 
and reported that reduction by the oral and gastrointestinal microflora was the most important 
mechanism in mammals. The major site of conversion of nitrate into nitrite varies by species and 
depends on the sites of microbial colonization and absorption of nitrate. Interestingly, the presence of 
nitrite in human saliva was first reported more than 55 years ago (Varady & Szanto, 1940), but saliva 
taken directly from the salivary ducts of humans or dogs contains only nitrate, indicating that a 
significant amount of reduction occurs in the oral cavity (Muramatsu et al., 1979). This is attributed to a 
stable population of nitrate-reducing bacteria established at the base of the tongue. Stephany & Schuller 
(1978) suggested that the salivary concentration of nitrite was directly related to the orally ingested dose 
of nitrate, and other workers reached similar conclusions (Harada et al., 1975; Spiegelhalder et al., 
1976). However, Tannenbaum et al. (1976) suggested that the reduction process is saturable at high 
intakes. On the basis of the variable salivary levels of nitrate and nitrite after oral ingestion of nitrate by 
humans, it has been estimated that, of the 25% of ingested nitrate secreted in saliva, 20% is reduced to 
nitrite (I.e. about 5% of the oral dose). Oral reduction of nitrate is thus the most important source of 
nitrite for humans and most species that have an active salivary secretory mechanism. 

The gastric pH, and hence bacterial populations, are low in the stomachs of rabbits, ferrets and healthy 
humans. Hence little further reduction of nitrate occurs at this site, and the nitrite concentrations in 
gastric contents are usually low. Conversely, rats and dogs have a higher gastric pH, and bacterial 
colonization can occur, with consequent further reduction of nitrate at this site (Mirvish, 1975). In 
ruminants, the dense population of rumen microflora and the relatively high pH make this a major site of 
reduction of orally ingested nitrate, leading to well-documented methaemoglobinaemia induced by the 
nitrite produced. In humans subject to achlorhydria, bacterial colonization of the stomach can occur, and 
the situation then more closely resembles that in the rat and the dog. A strong correlation has been 
reported between gastric pH, bacterial colonization and gastric nitrite concentration in humans over a pH 
range of 1-7 (Miiller et al., 1984), and concentrations as high as 5 mg/1 have been reported in patients 
with achlorhydria associated with pernicious anaemia or hypogammaglobulinemia (Ruddell et al., 
1976; Dolby et al., 1984). The situation in human neonates is less clear. It is commonly asserted that 
infants under 3 months of age are highly susceptible to gastric nitrite production, because they produce 



little gastric acid, but Agunod et al. (1969), who examined infants aged between 12 h and 3 months, 
found only one with achlorhydria (Walker, 1996). 

An open, randomized, cross-over pilot study was performed to investigate the toxicokinetics of nitrate 
and nitrite after an oral dose of sodium nitrate at 10 mg/kg bw in eight healthy volunteers (four men and 
four women) with normal gastric pH or gastric pH increased artificially with omeprazole (40 mg/day) 
starting 15 days before nitrate administration. Blood pressure was recorded for 3.5 h, and the per cent 
methaemoglobin was determined for 10 h after administration of sodium nitrate. Bacterial growth and 
gastric pH were determined just before nitrate administration, and the gastric juice pH was measured 
continuously for 3 h thereafter. Serial samples of gastric juice, plasma and saliva were collected for 24 h 
after administration of nitrate. The volume of all urine produced during 10 h after administration was 
determined; part of every sample was stored, and all samples were analysed for nitrate and nitrite. 

None of the volunteers reported adverse effects attributable to intake of sodium nitrate. Blood pressure 
and per cent methaemoglobin were not affected. Gastric pH correlated positively with omeprazole 
treatment, but the number of nitrate-reducing bacteria did not. Nevertheless, the nitrite concentration in 
the gastric juice was approximately sixfold higher after nitrate administration combined with 
omeprazole treatment than after only nitrate. Nitrate was absorbed rapidly, the concentration in plasma 
increasing within 10 min. The half-life of nitrate in plasma was about 6.5 h. The concentration of nitrite 
in plasma did not change after nitrate administration. The cumulative salivary nitrate excretion over 24 
h, expressed as a percentage of ingested nitrate dose, was 28%. The amount of nitrite formed in the 
saliva, expressed as a percentage of the nitrate dose ingested, was 8%. Approximately 70% of the nitrate 
dose was excreted in urine within 10 h of dosing. Omeprazole treatment did not affect the nitrate 
concentrations in plasma, saliva or gastric juice, the nitrite concentrations in plasma or saliva, the per 
cent methaemoglobin or blood pressure. Thus, increased gastric pH had no significant effect on systemic 
nitrate or nitrite after an oral dose of sodium nitrate at twice the ADI of nitrate (Colbers et aL, 1996). 

A feasibility study on the oral bioavailability of nitrate from vegetables was conducted in healthy 
volunteers. Preparations of beetroot, lettuce and spinach were fed to groups of six volunteers, and the 
rate of absorption of nitrate from the gastrointestinal tract and the concentrations of nitrate in plasma 
were determined. After an overnight fast, volunteers received a single dose of 300 g of vegetables, and 
plasma nitrate and nitrite concentrations were determined frequently for 9 h after treatment. There was 
evidence that the vegetable was homogeneously mixed in the test diet. The beetroot portions 
administered to the volunteers contained an average of 570 mg of nitrate, the lettuce portions contained 
740 mg and the spinach portions contained 540 mg. The nitrate in the vegetables was rapidly absorbed 
from the gastrointestinal tract, maximum plasma nitrate concentrations of 21-44 mg/1 being observed 1- 
1.5 h after treatment. Small amounts of nitrite (0.1-0.2 mg/1) are detected under normal circumstances at 
the lower limit of quantification of nitrite in plasma, and intake of vegetables rich in nitrate did not 
increase the plasma nitrite concentration, which remained at < 0.3 mg/1 in all volunteers (Kortboyer et 
al., 1998). 

Another study was conducted to determine the oral bioavailability of nitrate from spinach, lettice and 
beetroot. In a cross-over design with four test periods, six men and six women were fasted and then 
given 500 mg of sodium nitrate (containing 360 mg of nitrate ion) intravenously, 300 g of spinach 
(containing 560 mg of nitrate ion), 300 g of fresh lettuce (containing 1000 mg of nitrate) or 300 g of 
cooked beetroot (containing 640 mg of nitrate ion). A wash-out period of at least 1 week was maintained 
between test periods. The bioavailability of nitrate from the vegetables was calculated with and without 
endogenous nitrate production by comparing nitrate concentrations in blood after vegetable 
administration and after intravenous administration of nitrate. The elimination half-life of nitrate from 
plasma was 6-7 h. The bioavailability of nitrate with correction for endogenous nitrate production was 
98% ± 12% for spinach, 1 10% ± 14% for lettuce and 1 10% ± 15% for beetroot. The bioavailability 



without correction for endogenous nitrate production was 91% ± 10% for spinach, 89% ± 13% for 
lettuce and 93% ± 12% for beetroot. Thus, the bioavailability of nitrate from spinach, lettuce and 
beetroot was high and not significantly different from that of nitrate in drinking-water (Lambers et al, 
2000a) 

2.1.2 Physiologically based pharmacokinetic and mathematical models 

The available assessment of risk to humans of exposure to nitrate was based on an evaluation of toxicity 
in rats. This requires reconsideration as, in humans, nitrite is formed by bacterial fermentation of nitrate 
secreted from blood into saliva, but this process is absent in the rat (Tannenbaum et aL, 1979; Til et al., 
1988). As nitrite is more toxic than nitrate, the toxicity of nitrite may supercede that of nitrate in 
humans. A nitrate-nitrite conversion in the order of 2% has already been seen to have this effect. The 
amount of nitrite formed from ingested nitrate should therefore be incorporated into the risk assessment 
of human exposure to nitrate. 

The formation of nitrite in humans is complex, involving uptake of nitrate from food and or water, 
endogenous synthesis of nitrate, secretion of nitrate from blood into saliva, conversion of nitrate to 
nitrite by bacteria present in saliva and reconversion of nitrite to nitrate in blood. These processes were 
incorporated in a model of the toxicokinetics of nitrate and nitrite, which was calibrated with data on the 
toxicokinetics of nitrate and nitrite in volunteers (Wagner et al., 1983). According to the model, the 
average adult synthesizes nitrate at 120 mg/day, 32-60% of orally administered nitrate is secreted from 
blood into saliva, and 13-22% of the salivary nitrate is converted into nitrite. The nitrate-nitrite 
conversion rate in humans was determined to be 7-9%. The model was also used to estimate the 
formation of nitrite in an average adult after single and repeated (once every 24 h) doses of nitrate at its 
ADI (0-3.7 mg/kg bw). This calculation resulted in an exposure to nitrite of 0.27-0.36 mg/kg bw per 
day, which significantly exceeds the ADI for nitrite (0-0.06 mg/kg bw). Of this, 31-41% was estimated 
to have originated from endogenously synthesized nitrate. The calculated values for nitrite intake should 
be interpreted within the framework of the assumptions underlying the model, as the effects of food 
intake (stimulation of salivary nitrite formation versus detrimental effects on nitrite in the stomach) were 
not included. Furthermore, in calculating human nitrite intake, a bioavailability of 100% was assumed 
for administered nitrate. The risk assessment of human nitrate intake should thus be based on a 
toxicological evaluation of the nitrite formed from ingested nitrate (Zeilmaker et al., 1996). 

In order to quantify the kinetics of nitrate and nitrite in humans, a model was developed which 
comprises absorption of nitrate from drinking-water and vegetables, secretion of nitrate from blood into 
saliva, conversion of nitrate to nitrite, absorption of nitrite and interaction of nitrite with haemoglobin, 
yielding methaemoglobin and nitrate. The model contains 16 parameters, seven of which were obtained 
from the literature, while the remaining nine parameters (rate of endogenous nitrate formation, rate 
constant for the reaction of nitrite with haemoglobin, parameters of methaemoglobin repair in the blood, 
rate constants for the secretion of nitrate from blood into saliva, conversion of nitrate to nitrite in saliva, 
a stoichometric constant for the reaction of nitrite with haemoglobin, the volume of the central nitrite 
compartment and the absorption rate constant of nitrite) were obtained by fitting the model to various 
experimental data sets. The studies addressed nitrite-induced methaemoglobin formation in human 
haemolysates and intact human erythrocytes in vitro and various studies in which volunteers were given 
nitrate and nitrite orally or intravenously. According to the model, a single dose of nitrate from 
vegetables at up to 44 mg/kg bw would not induce clinical methaemoglobinaemia, whereas the average 
long-term intake of adults is < 3.7 mg/kg bw per day. Doses of 88-270 mg/kg bw progressively induced 
clinical methaemoglobinaemia and clinical hypoxia. In the model, lethal toxicity was predicted to occur 
at doses > 440 mg/kg bw. At doses up to 620 mg/kg bw, peak methaemoglobin concentrations were 
efficiently nullified by repair activity, so that the methaemoglobin concentration retained to the 
background level within 24 h of administration of nitrate. Clear accumulation of methaemoglobin was 



found after repeated administration of a slightly higher dose of nitrate, 800 mg/kg bw, indicating rapid 
saturation of methaemoglobin repair activity at this dose. 

The model was scaled from adults to neonates by adjusting the blood volume and the volumes of the 
central nitrate and nitrite compartments. In order to mimic the situation in neonates, partial 
methaemoglobin repair deficiency was simulated by assuming the methaemoglobin reductase activity to 
be 10% of that in adults. Repeated intake of nitrate in drinking-water at doses > 44 mg/kg bw was 
predicted to induce methaemoglobin accumulation. This value can be compared with the daily intake for 
a 4-kg neonate of 6.2 mg/kg bw from drinking 1 1 of water containing nitrate at 25 mg/1. Exposure of 
patients with inflammatory disease to nitrite was simulated as continuous, i.e. 24-h, intravenous 
exposure to nitrite. In this case, saturation of methaemoglobin repair occurred at doses > 0.23 mmol/24 h 
(2.7 mg/kg bw), and exposure was up to 0.47 mmol/24 h (5.5 mg/kg bw). It was concluded that the 
intake by healthy adults of nitrate from food and/or drinking-water has negligible effects on 
methaemoglobin formation but may significantly affect methaemoglobin formation in neonates with 
inflammatory disease (Zeilmaker et al., 2002). 

2.1.3 Biotransformation 

(a) Humans 

The effectiveness of several mouthwash solutions and toothpastes with antibacterial constituents in 
reducing the conversion of nitrate into nitrite in the oral cavity was tested in 15 male and female 
volunteers aged 22^10 years. The mean per cent salivary nitrate that was reduced to nitrite after 
ingestion of 240 mg (3.8 mmol) of nitrate was 16 ± 6.2%, Use of an antiseptic mouthwash containing 
the active antibacterial constituent chlorhexidine resulted in a drastic decrease in the mean per cent 
reduced nitrate, to 0.9 ± 0.8%. Mouthwash solutions containing the antibacterial component triclosan or 
the antimicrobial enzymes amyloglucosidase and glucose oxidase did not affect the reduction of nitrate 
to nitrite. A toothpaste containing triclosan and zinc citrate with synergistic antiplaque activity also had 
no effect. Use of a pH-regulation chewing-gum raised the pH of the oral cavity from 6.8 to 7.3. By 30 
min after nitrate ingestion, this rise was accompanied by a significant increase in the salivary nitrite 
concentration (van Maanen et al., 1996a). 

(b) Methaemoglobin formation 

Nitrite resulting from nitrate is oxidized in blood by a coupled oxidation reaction with oxyhaemoglobin 
(Smith & Beutler, 1966) in which methaemoglobin is produced, leading to the well-recognized acute 
toxicity of nitrite. The reaction rate between nitrite and haemoglobin is species-dependent: in humans, it 
is lower than that in ruminants but higher than that in pigs. In view of the methaemoglobinaemia 
induced by nitrite, many standards for nitrate in drinking-water have been drawn up on the basis of the 
levels (mainly in wells) associated with infantile methaemoglobinaemia and an assumed threshold below 
which the risk is minimal. This is apparently based on the assumption that infants are more likely than 
adults to have resident gastric microflora capable of reducing nitrate to nitrite. However, endogenous 
synthesis of nitric oxide and subsequently of nitrite can rise dramatically during infantile gastroenteritis. 
In one study, hospitalized infants with a low nitrate intake (2-7 mg/day) had raised blood nitrate and 
methaemoglobin concentrations associated with acute diarrhoea (Hegesh & Shiloah, 1982). In another 
case, a dyspeptic child had 72% methaemoglobinaemia associated with a nitrate concentration in 
drinking-water of < 50 mg/1 (Thai et al, 1961), while healthy infants tolerated intakes of up to 21 mg/kg 
bw (Kubler, 1958). In these cases at least, the endogenously formed nitrite appeared to have caused the 
methaemoglobinaemia, together with increased sensitivity of fetal-type haemoglobin to oxidation and 
the low levels of methaemo-globin reductase in neonates (Walker, 1996). 



Two infants became ill after being fed formula that was reconstituted with water from private wells. 
Water samples were collected and analysed chemically and microbiologically. In the first case, the well 
water was considered bacteriologically safe and the nitrate intake was 9 mg/kg bw as nitrogen 
(equivalent to 78 mg/kg bw as nitrate ion). In the second case, the water was found to contain 
Escherichia coli, and the nitrate concentration was 27 mg/kg bw as nitrogen (equivalent to 93 mg/kg bw 
as nitrate ion). The second infant had a methaemoglobin concentration of 91% on arrival at hospital, 
whereas that of the first had returned to < 2%, which is within the normal range (Knobeloch et al., 
2000). 

An epidemiological investigation was undertaken to assess the prevalence of methaemoglobinaemia in 
areas with a high nitrate concentration in drinking-water. Five areas were selected, with average nitrate 
concentrations of 26, 45, 95, 220 and 460 mg/1 of drinking-water, as nitrate ion. A total of 178 persons 
(about 30 per group), matched for age and weight, who constituted 10% of the total population of each 
of these areas were selected and divided into five age groups. Detailed histories were taken of the 
selected populations, medical examinations were conducted, and blood samples taken to ascertain the 
per cent methaemoglobin. The data were analysed to verify any relationship between nitrate 
concentration and methaemoglo-binaemia. A high nitrate concentration caused severe 
methaemoglobinaemia (7-27%) in all groups, especially in the age groups < 1 year and > 18 years. The 
lower level in the age group 1-18 years is probably due to better reserves of cytochrome b 5 reductase 

activity and its adaptation to increasing nitrate concentration in water. High levels of methaemoglobin 
were seen with nitrate contents as low as 26 mg/1 and as high as 460 mg/1. The highest per cent 
methaemoglobin was observed in infants < 1 year of age (Gupta et al., 2000) 

In Finland, the Ministry of Social Affairs and Health has regulated nitrate in drinking-water, with an 
upper limit of 25 mg/1. About 18% of people use well water for drinking, and as many as one-fiftieth of 
the wells in some areas do not meet the national quality standard for nitrate. Nevertheless, the 
correlation between per cent methaemoglobin and nitrate concentrations in drinking-water of 25-50 
mg/1 was poor (Suvanto & Pohjola, 1995). 

Although ingestion of nitrates in drinking-water has been considered to be the primary cause of acquired 
methaemoglobinaemia, a mechanism whereby gastrointestinal inflammation leads to 
methaemoglobinaemia has been established. It is against this background that recent research and a 
review of cases offer a more complex picture of the causes of infantile methaemoglobinaemia. If this is 
indeed so, current limits on allowable levels of nitrates in drinking-water, which are based solely on the 
threat of infantile methaemoglobinaemia, may be unnecessarily strict (Avery, 1999, 2001). 

(c) Endogenous synthesis of nitrate 

In addition to dietary intake, there is considerable endogenous synthesis of nitrate in mammals. Even 
with rigorous exclusion of dietary nitrate, human volunteers excreted about 1 mmol of nitrate per day in 
urine (Wishnok et al., 1995), i.e. approxi-mately the same amount as that provided by food. Endogenous 
nitrate arises from oxidation of nitric oxide, which is produced by a family of synthases, some 
constitutive and some inducible (Marietta, 1988). The constitutive enzyme produces nitric oxide for 
short periods (seconds) in response to intracellular messengers like bradykinin, while the inducible 
forms produce much higher levels over periods of hours in response to immunostimulants. This 
synthesis of nitric oxide occurs in activated macrophages but has also been demonstrated in other cell 
types, including endothelial cells, neurones, neutrophils and hepatocytes (Ignarro, 1987; Lancaster, 
1992), and is highly variable and much increased during infection. Endogenous formation of nitrate 
independently of dietary sources has complicated studies of the metabolism and pharmacokinetics of 
nitrate and nitrite, many of which can provide only quantitative or semi-quantitative data on their 



interconversion in vivo (Walker, 1996). 



2.1.4 Endogenous formation of JV-nitroso compounds 

A further concern relating to the metabolism of dietary nitrate and nitrite is the potential formation in 
vivo of carcinogenic iV-nitroso compounds from nitrite, or the derived nitrosating species, N 2 0 3 and 

N 2 0 4 , and dietary amines. This reaction was first postulated more than 30 years ago and has since been 

studied extensively, by a number of approaches: incubation of precursors under simulated oral and 
gastric conditions in vitro, analysis of saliva and gastric contents after administration of precursors, 
determination of specific or total 7V-nitroso compounds in body fluids or excreta after treatment with 
precursors, and studies of carcinogenicity after co-administration of nitrate or nitrite and amines or 
amides. Many of the studies performed with the first approach involved unrealistically high 
concentrations of nitrite and, at best, provided no more than an indication of potential nitrosation. Low 
but measurable amounts of four volatile nitrosamines were found after incubation of luncheon meat 
(containing nitrate at 30 mg/kg), egg and milk with human gastric juice containing thiocyanate at a 
concentration of 1.2 mmol/1 at pH 2 (Walthers et al., 1979). However, other workers who incubated a 
wide range of foods under similar conditions (containing nitrate at 5-7 mg/1) were unable to detect any 
N-nitrosamines (Groenen et al., 1982). Analysis of gastric contents after consumption of meals 
containing nitrite indicated that volatile nitrosamines may be formed under similar conditions in vivo 
(Walters et al., 1979; Groenen et al, 1985). 

Measurement of urinary N-nitrosoproline (NPRO) has been widely used as a surrogate for nitrosation in 
vivo, as this compound is non-carcinogenic, is excreted unchanged and occurs at low levels ( 2-7 
Hg/day) in persons on a low-nitrate diet (Ohshima & Bartsch, 1981). Although NPRO itself is not 
carcinogenic, the NPRO test measures the potential for intragastric formation of carcinogenic 
nitrosamines in humans. Nitrate and L-proline are administered to volunteers, and NPRO is produced by 
an acid-catalysed reaction of proline with nitrate-derived nitrite in the stomach. It is then absorbed and 
excreted in urine, which is analysed for NPRO. A number of reservations have been raised about the 
validity of this approach, since, in rats, a significant amount (40-90%) of urinary NPRO was not derived 
from ingested [ 15 N]nitrate, and there was no correlation in humans between nitrate intake and urinary 
excretion of NPRO (Tannenbaum, 1987). Furthermore, basal excretion of non-dietary NPRO was 
unaffected by ascorbic acid or a/^/za-tocopherol, whereas both these vitamins inhibited synthesis of 

NPRO from orally administered proline and [ 15 N]nitrate (Wagner & Tannenbaum, 1985), suggesting 
that there are at least two sites of nitrosation and that gastric nitrosation occurs in an acid-catalysed 
mechanism that is inaccessible to ascorbic acid. The last pathway probably involves nitrosating agents 
(N 2 0 3 andN 2 0 4 ) derived from nitric oxide (Walker, 1996). 

The endogenous formation of volatile Af-nitrosamines was studied after intake of nitrate at the ADI in 
combination with an amine-rich diet consisting of fishmeal rich in amines as nitrosatable precursors. 
Twenty-five women (mean age, 23 years; mean weight, 60 kg), who were non-smokers and who were 
not using medicines or vitamin preparations, ate the fishmeal with nitrate at the ADI for 7 consecutive 
days. They received a diet low in nitrate for 1 week before and 1 week after the test week. They agreed 
to donate saliva samples, collect 24-h urine samples and answer a questionnaire on food consumption 
and life style. Nitrate intake at the ADI (100 ml of a solution of sodium nitrate at 2800 mg/1) resulted in 
a significant increase in mean salivary nitrate and nitrite concentrations. The mean urinary nitrate 
excretion increased from 76 mg/24 h in the first week to 190 and 160 mg/24 h on days 1-3 and 4-7 
during the test week, followed by a decline to 77 mg/24 h in the second control week. When the urine 
samples were analysed for volatile N-nitrosamines, both NDMA and N-nitrosopiperidine were detected. 
The mean urinary excretion increased significantly from 290 ng/24 h in the control week to 870 and 640 



ng/24 h on days 1-3 and 4-7 during the test week and declined to 380 ng/24 h in the second control 
week. Excretion of 7V-nitrosopiperidine was not directly related to nitrate intake or to the composition of 
the diet. Nitrate excretion and NDMA excretion were significantly correlated, as were salivary nitrate 
and nitrite concentration and NDMA excretion (Vermeer et al., 1998). 

The effect of certain dietary and other factors on the concentrations of urinary NPRO was studied in 
healthy adults (mostly men) given a diet low in preformed NPRO, nitrate and proline for 5 days and 
ascorbic acid on days 4 and 5, when tests were conducted. In the standard test, the volunteers took 400 
mg of nitrate at 1 1 :00, and at 12:00 they ate a standard 700-calorie meal containing 500 mg of proline. 
Urine was collected for 24 h, and samples were analysed for NPRO. This standard test yielded 26 ± 2 
( mean ± SE) nmol of NPRO, whereas 5 ± 1 nmol of NPRO were found when proline was taken alone. 
In variations on the standard test, the NPRO yield was not significantly affected by the sex of the 
volunteers, the time at which the standard meal was eaten, the size of the meal or drinking extra water 
after the meal. Doses of 100 and 200 mg of nitrate had lesser effects on NPRO yield than did the dose of 
400 mg. One gram of ascorbic acid given 5 or 2 h before, with or 1 or 2 h after the meal with proline 
inhibited NPRO formation by 0, 71, 71, 67 and 19%, respectively. Chewing gum or tobacco for 2-3 h 
after the test meal did not increase NPRO formation or the salivary nitrate concentration, but the salivary 
nitrite concentration was reduced, especially when gum was chewed (Mirvish et al., 1995). 

2.2 Toxicological studies 

2.2.1 Acute toxicity 

The acute toxic effects of nitrate were studied in groups of five goats aged 1.5-2.0 years, which received 
potassium nitrate at a dose of 1.3 g/kg bw, equivalent to 0.66 g/kg bw as nitrate ion. Partial anorexia, 
mild depression, frequent muscle tremor, incoordination, dyspnoea and brown discolouration of visible 
mucous membranes appeared from 2 h onwards, followed terminally by recumbency, salivation and 
colonic convulsions. The irreversible signs of toxicity appeared at about 5.8 h, when the animals were 
killed and organs and tissues sampled for histopathological examination. The haematological and 
biochemical alterations included a decrease in haemoglobin, a marked increase in the methaemoglobin, 
nitrate and nitrite concentrations of plasma, urine and cerebrospinal fluid and in blood glucose, with 
significant increases in ammonia nitrogen in rumen liquor, cholesterol, urea nitrogen, creatinine and 
aspartate aminotransferase activity in serum. A diphenylamine blue test on blood, plasma, urine, 
cerebrospinal fluid, rumen liquor and aqueous humour revealed strong positive reactions at the peak of 
toxicity. The cerebrospinal fluid nitrite appeared to be a dependable diagnostic value, as it truly reflected 
the toxicity of nitrate. Histopathological examination revealed changes in the kidneys (tubular changes 
with massive degeneration of the epithelium), liver (degenerative changes with congestion, focal 
haemorrhage and extensive empty dilatation of the central vein), intestine (infiltration onto mononuclear 
cells in mucosa and degenerative villi), lungs (congestion and haemorrhages of alveoli), heart 
(degenerative changes in endo- and myocardium with haemorrhage), lymph nodes (depletion of 
lymphocytes) and urinary bladder (lamina propria infiltrated by lymphocytes). Electrocardiography 
during induced acute toxicity showed marked tachycardia, an increased duration of the mean QRS 
complex and deviation in the configuration of the ST segment. These changes were a result of 
significant myocardial hypoxia due to marked methaemoglobinaemia (Mondal & Pandey, 1999; Mondal 
etal., 1999a, 2000). 

2.2.2 Short-term studies of toxicity 

In a 32-day experiment, groups of five goats aged 1.5-2.0 years were given potassium nitrate orally at a 
dose of 0 or 4 mg/kg bw per day, equivalent to 2.4 mg/kg bw as nitrate ion. The animals remained 



apparently normal, except for development of dullness and partial anorexia from day 22. The 
haematological and biochemical alterations included a significant decrease in haemoglobin 
concentration and increases in methaemoglobin, nitrate and nitrite concentrations in plasma and urine, in 
urea nitrogen and in aspartate aminotransferase activity in serum. The morphological changes seen in 
two animals killed on day 32 were mild degeneration and congestion and haemorrhages in visceral 
organs. The authors concluded that there had been no cumulative effect of prolonged nitrate intake 
(Mondal et al, 1999b). 

2.2.3 Reproductive toxicity 

In an overview and evaluation of the available information on the health effects of nitrate and nitrite 
(Fan et al., 1987), an association was suggested between maternal ingestion of nitrate from drinking- 
water and developmental effects in their children, although no cause-and-effect relationship could be 
established. Studies in experimental animals have shown reproductive toxicity associated with intake of 
high levels of nitrate and nitrite, which are not likely to be encountered in drinking-water. No 
teratogenic effects were observed in rats, mice, rabbits or hamsters. Several cases of 
methaemoglobinaemis were reported among infants in the USA who drank water containing nitrate at 
concentrations higher than the current 'maximum contaminant level' of 45 mg/1. The uncertainties in the 
database have been discussed (Fan & Steinberg, 1996). 

The effects of intake of nitrate on a number of biochemical and endocrine parameters and their impact 
on reproductive function were studied in groups of five feeder bulls aged 16-18 months given potassium 
nitrate or a control diet. The bulls were tested 30 days before administration of nitrate, for 30 days 
during administration and for 30 days afterwards. The initial dose of nitrate was 100 g/day (equivalent to 
160 g/day as nitrate ion), which was increased at weekly intervals by 50 g up to 250 g (equivalent to 150 
g/day as nitrate ion). Administration of nitrate resulted in a significant (p < 0.01) increase in 
methaemoglobin concentration, a significant (p < 0.01) increase in the serum concentration of bile acids 
and a prolonged biological half-life of progesterone, suggesting impairment of liver metabolism. Intake 
of nitrate also resulted in a significant (p < 0.05) increase in Cortisol concentration during and after 
administration and depressed thyroid gland activity, as seen from a significant (p = 0.05) decrease in 
thyroxin concentration during administration. Non-detectable levels (< 0.001 |ig/ml) of thyrotropin after 
administration indicated suppression of hypothalamic function. Effects of nitrate on the fiinction of 
Leydig cells during and particularly after administration were apparent from weakened testicular 
responses to treatment with gonadotropin. Analysis of seminal plasma revealed a significant (p < 0.01) 
increase in total acid phosphatase activity and a significant decrease in the concentration of fructose. 
Intake of nitrate also reduced sperm motility. While no difference was found in the frequency of primary 
morphological abnormalities, the number of secondary abnormalities rose by 1 15% in the post- 
administration period, suggesting damaged membrane integrity. Histological examination revealed 
degenerative lesions in cells of the spermiocyte and spermatid layers (Zraly et al., 1997). 

The effect of nitrate on reproductive function was studied in groups of 23-24 sheep (aged 3.5-4.0 years) 
fed a diet containing potassium nitrate. In a preliminary experiment, a dose of 20 mg/kg bw (equivalent 
to 1 1 mg/kg bw as nitrate ion) induced a reliable per cent decrease (by 32%) in the number of sheep in 
estrus (p < 0.05). Concentrations in the diet resulting in a dose of 0.5, 1, 5 or 10 mg/kg bw per day for 48 
days (equivalent to 0.27, 0.54, 2.7 and 5.4 mg/kg bw as nitrate ion) did not affect cyclic sexual 
behaviour; however, the fertility and gestation rates of sheep fed potassium nitrate were considerably 
lower (by 36% at 5 mg/kg bw per day and 33% at 10 mg/kg bw per day) than in the control group 
(Nestorova et al., 1997). 

2.2.4 Special studies: Effects on adrenal and thyroid glands 



Hypertrophy of the zona glomerulosa of the adrenals of rats was reported after administration of low 
doses of nitrite for 90 days; the effect was considered to be due to its conversion to nitrate. A study was 
therefore conducted to compare the effects of nitrate and nitrite on the zona glomerulosa. Three groups 
of 10 male Wistar rats were given drinking-water containing potassium chloride (control), potassium 
nitrite or potassium nitrate at a concentration of 36 mmol/1 for 90 days. The body-weight gain of rats 
given nitrite or nitrate was slightly slower than that of controls, but no differences in food intake per 
kilogram body weight were observed between the three groups. The water intake of the group given 
nitrite was statistically significantly lower than that of the other two groups. The rats receiving nitrite 
appeared cyanotic during the first month of treatment but not thereafter, perhaps because the water 
intake was greater during the first month. At the end of the observation period, the concentrations of 
methaemoglobin and nitrite in blood were significantly increased; the nitrate concentration in plasma in 
the groups given nitrite or nitrate groups were similar but were higher than those of controls. Treatment 
with nitrite or nitrate had no consistent effect on the concentrations of thyroxin, free thyroxin, thyroid 
stimulating hormones, adrenocorticotrophic hormone, corticosterone or aldosterone in blood. 
Microscopic examination revealed slight hypertrophy of the adrenal zona glomerulosa in all rats given 
nitrite and minimal hypertrophy in 2/10 rats given nitrate. The results of morphometric analyses of the 
adrenals were in line with those of microscopic examination. In the rats given nitrite, the fraction of the 
surface area of the zona glomerulosa in median sections was significantly greater than that in the 
controls or rats given nitrate. The minimal hypertrophy of the adrenal zona glomerulosa observed 
occasionally in rats given nitrate was barely detectable by morphometric analysis. It was concluded that 
nitrate ion does not play a role in the etiology of hypertrophy of the zona glomerulosa of the adrenal 
glands in rats (Boink et al., 1996). 

23 Observations in humans 

2.3.1 Effects on the gastrointestinal tract 

An epidemiological study was conducted to examine a possible correlation between the nitrate 
concentration of drinking-water, recurrent stomatitis and the activity of cytochrome b 5 reductase, which 

reduces methaemoglobin to haemoglobin. Five areas in the State of Rajasthan, India, were selected on 
the basis of a nitrate concentration (as nitrate ion) in drinking-water of 26, 45, 95, 220 and 460 mg/1; and 
193 age- and weight-matched persons, representing 10% of the total population in each of these areas, 
were recruited. Detailed histories of recurrent stomatitis were recorded, a medical examination was 
conducted, and blood samples were taken to ascertain cytochrome b 5 reductase activity. The results of a 

multivariate regression analysis suggested a significant interdependence between the nitrate 
concentration of drinking-water, cytochrome b 5 reductase activity and recurrent stomatitis. It was 

concluded that increased cytochrome b 5 reductase activity, induced primarily by the presence of a high 

nitrate concentration in drinking-water, was the cause of recurrent stomatitis. The specific confounding 
variables that were taken into account were not described (Gupta et al., 1999). 

A validated technique involving microdialysis probes was used to measure chemicals involved in 
nitrosation in the oesophagus, cardia and proximal and distal stomach of 15 healthy volunteers before 
and after ingestion of nitrate at a concentration of 2 mmol/1 (equivalent to that in a portion of salad). 
Ingestion of nitrate ion increased the median concentration in saliva from 36 jumol/l to 250 ^mol/1 and 
that in the distal oesophagal from 29 jjmol/1 to 180 jumol/1 (both p < 0.01). The concentration of nitrate 
in the stomach decreased progressively but increased progressively with distance from the gastr- 
oesophageal junction, so that the highest ratio of nitratemitric oxide was at the junction. The authors 
concluded that nitrosation in the stomach is maximal at the gastro-oesophageal junction and that dietary 
nitrate is involved in mutagenesis and carcinogenesis at this site (Suzuki et al., 2002). 



The anatomical distribution of nitric oxide generation in the lumen of the upper gastrointestinal tract was 
investigated under basal conditions and after ingestion of a quantity of nitrate equivalent to that in a 
portion of salad. Probes containing custom-made sensors that could detect nitric oxide and pH were 
installed in the oesophagus of 15 Helicobacter pylori-negative volunteers (10 men) with a mean age of 
32 years. Nitric oxide and pH were measured for 2 min at 1-cm increments throughout the length of the 
stomach and distal oesophagus in persons who ingested potassium nitrate at 2 mmol/1 and in controls. 
Serum nitrate and saliva nitrite concentrations were also recorded. Ingestion of nitrate increased the 
mean (range) serum nitrate from 30 (imol/1 (18-49) to 95 jimol/1 (32-150) and the mean salivary nitrite 
from 4.7 nmol/1 (1.4-7.8) to 23 ^imol/1 (2.1-50) (both p < 0.05). After ingestion of nitrate, the peak 
concentration of nitric oxide was found within 1 cm distal to the gastro-oesophageal junction in 1 1 of 
the 15 (73%) persons. The pH step-up after nitrate was 7.5 |nmol/l (0.5-31) and was significantly higher 
than at all other sites. Nitric oxide concentrations > 50 (xmol/1 were observed at the location at which the 
neutral oesophageal pH fell to acidic gastric pH. Generation of nitric oxide from dietary nitrate via 
salivary nitrite was found to be maximal at the gastro-oesophageal junction and cardia (Iijima et al., 
2002). 

2.3.2 Relationship between nitrate intake, subsequent endogenous formation of JV- 
nitroso compounds and risk for stomach cancer 

In vitro 

To mimic physiological exposure to nitrite, nitrite was added gradually to the gastric compartment of a 
dynamic gastrointestinal model (based on toxicokinetics) simulating salivary nitrite mass flow after 
intake of nitrate at concentrations 0.1, 1,5 and 10 times the ADI. Concomitantly, 100 g of cod were 
added as the source of primary amines for the nitrosation reaction. With a rapid decrease in the pH of the 
stomach, 2.3, 16 and 420 \xg of NDMA were formed at 0.1, 1 and 10 times the ADI of nitrate, 
respectively; and with a slow decrease in pH in the compartment, 1.8. 5.1, 21 and 43 jug were formed at 
0.1, 1, 5 and 10 times the ADI of nitrate, respectively. Thus, relatively large amounts of endogenous 
NDMA were formed under realistic physiological conditions (Krul et al., 2001a). 

The accuracy of quantification of the endogenous formation of 7V-nitroso compounds in the human body 
is still a matter of debate. A dynamic gastrointestinal model simulating various physiological conditions 
in the gastric compartment was used to study the formation of NDMA after intake of various fish 
species as a source of amines, in combination with nitrite. Cod, herring, pollack and plaice induced 
NDMA formation in the gastric compartment, the amounts after intake of 100 g offish ranging from a 
mean of 28 |ug (23-29 jug) with plaice to 190 ng (160-240 jag) with cod. Mackerel and salmon samples 
did not increase NDMA formation under these conditions. The amounts of dimethylamine, 
trimethylamine and trimethylamine-N-oxide in the samples of cod and herring did not correlate with the 
amount of NDMA produced, indicating that the extent of NDMA formation cannot be predicted from 
amine concentrations. When cod was introduced into the model with 250 mg of ascorbic acid and nitrite 
was added gradually, a 66% reduction in the amount of NDMA formed was observed; addition of 1000 
mg of ascorbic acid did not reduce the amount of NDMA further. NDMA formation was also effectively 
inhibited, by > 90%, by the addition of green or black tea (2 g lyophilized tea dissolved in water). The 
addition of spinach (75 g) to food intake resulted in inhibition of NDMA formation with about the same 
efficacy as observed with ascorbic acid (Krul et al., 2001b). 

Epidemiological studies 

Epidemiological studies can be ranked in increasing order, from ecological (or correlation) studies to 
cross-sectional studies, case-control studies, cohort studies and intervention trials. This classification of 



epidemiological study designs with respect to their potential for bias and, consequently, the strength of 
evidence they provide and the costs involved has been described in detail (e.g. van den Brandt et al., 
2002). Intervention trials provide the strongest evidence for a causal relationship with risk and (because 
of the possibility to control for confounding and bias) have the least possible bias; however, they are 
usually the least feasible and the most expensive. Less expensive cohort studies allow assessment of 
exposure and selection of study participants before the health outcome of interest occurs and thus 
provide relatively strong evidence. Although the less expensive case-control studies generally involve 
assessment of exposure retrospectively in subjects with and without the health outcome, the resulting 
evidence is more debatable. This is particularly so in the case of dietary intake, because of the possibility 
of selection bias, recall bias and/or bias due to the presence of disease. Cross-sectional studies suffer 
from the additional problem that exposure and disease are measured at the same time, making it 
impossible to draw conclusions about cause and effect. Correlation studies cost the least, but they 
provide weak evidence and are much more susceptible to bias. In addition to the problem of 
extrapolating the data to the individual level (as the units of measurement are population groups), most 
such studies include limited data on exposure, rely on mortality (rather than incidence) rates and often 
do not include consideration of the induction period. Some investigators have stated that observational 
studies cannot, by definition, establish the causality of a relationship on the basis of a statistical 
association. However, when several studies of high quality, such as those in which the biases are shown 
to be minimal, are available and these consistently show a dose-response relationship, observational 
studies may well contribute to conclusions about causality. The power of observational epidemiological 
studies was established 50 years ago, when such studies revealed that smoking caused lung cancer. 

(i) Ecological studies 

The possible conversion of nitrates to nitrites under conditions of gastric achlorhydria and their 
transformation to nitrosamines in the presence of nitrosatable compounds led to a number of 
epidemiological studies of the possible relationship between high nitrate levels in drinking-water and 
mortality due to various cancers. One study was performed in the Province of Valencia, Spain, which 
has the highest concentration of nitrate in drinking-water in Europe, to compare mortality due to cancers 
of the stomach, urinary bladder, prostate and colon in the populations of 258 municipalities with 
different levels of nitrate. The mortality rates from gastric and prostate cancer increased with increasing 
intake of nitrates. In populations whose drinking-water contained nitrate at a concentration > 50 mg/1, 
the relative risk for gastric cancer was 1.9 for men and 1.8 for women aged 55-75 years (p < 0.05) when 
compared with groups with low nitrate intake, and the relative risk for prostate cancer was 1 .9 for men 
aged 55-75 and L8 for those aged > 75 (Morales Suarez Varela et al., 1995). It was not clear from the 
text whether correction was made for confounding factors. 

The possible association between risk for gastric cancer and the concentration of nitrate and the hardness 
of drinking-water from municipal supplies was investigated in a matched case-control study in Taiwan 
(China). Data on deaths from gastric cancer among eligible residents between 1987 and 1991 (6766 
cases) were obtained from the Bureau of Vital Statistics. The 6766 controls had died from other causes 
and were matched individually to the cases by sex, year of birth and year of death. Data on nitrate, 
nitrogen and hardness in drinking-water were collected from the Taiwan Water Supply Corporation. The 
municipality of residence was assumed to be the source of intake of nitrate for cases and controls. No 
difference in mortality rates from gastric cancer were found between groups with different levels of 
nitrate intake. The odds ratios (with 95% confidence interval [CI]) for death from gastric cancer were 
0.95 (0.87-1.0) for the group with nitrate intakes of 0.23-0.44 mg/1 and 1.0 (0.93-1.1) for the group 
with nitrate intakes > 0.45 mg/L In contrast, a significant negative relationship was found between 
drinking-water hardness and mortality from gastric cancer, with odds ratios of 1.2 (1.1-1.3) and 1.6 
(1.5-1.8), respectively, for intake of moderately hard water and soft water compared with hard water 
(Yang etal., 1997). 



In a study of a population whose drinking-water had a high nitrate content (mean, 98 mg/1), nitrate was 
assessed by regular checks of water quality by local public health authorities. Empirical Bayes estimates 
of standardized mortality rates from gastric cancer were calculated and were correlated to average nitrate 
concentrations in drinking-water, with control for the confounding effects of smoking, ethnicity and 
population size. The average nitrate concentrations proved to be significant predictors of gastric cancer 
mortality (p = 0.05). The most probable limit value for this role of nitrate was 95 mg/1. With this 
reference value, the Mantel-Haenszel odds ratio for the relationship between nitrate and mortality from 
gastric cancer was 1.5 (95% CI, 1.1-2.1). The results of this ecological study support the hypothesis that 
high levels of nitrate in drinking-water have a causal role in gastric cancer development, but only an 
abstract was available (Sandor et al., 1998). 

An ecological study in Yorkshire, northern England, was conducted to examine the hypothesis that 
intake of high levels of nitrate in drinking-water increases the risks for cancers of the stomach, 
oesophagus and brain in adults. Nitrate concentra-tions for the period 1990-95 and the numbers of 
incident cancers in 1975-94 were available for 148 geographically defined zones, each supplying water 
of homogeneous chemical composition to an average population of around 20 000. No relationship was 
found between nitrate concentration and the incidence of stomach or oesophageal cancer, but the 
incidence of cancers of the brain and central nervous system was higher in areas with higher nitrate 
levels, with a relative risk of 1.2 (95% CI, 1.1-1.3) in the quartile of the population with the highest 
mean intake (30 mg/1) compared with the quartile with the lowest intake (2.4 mg/1). The increase in risk 
remained statistically significant (p < 0.01) after allowance for other covariates and for extra-Poisson 
variation in a regression model. The observed relationship with brain cancer requires confirmation 
(Barrett etal., 1998). 

In another ecological study, data were obtained on the incidences of various cancers, contamination of 
drinking-water with atrazine and nitrate and related agricultural practices in 40 districts in the Province 
of Ontario, Canada. The data were merged for geographical and statistical analyses. Weighted (by 
population size) least-squares regression analyses were conducted with control for confounding 
socioeconomic and lifestyle factors. Maximum likelihood spatial error models were estimated when 
least-squares regression error terms were found to be spatially auto-correlated, with Maran's I statistics. 
Nitrate levels ranging from 0 to 91 mg/1 (maximum acceptable concentration, 10 mg/1) were negatively 
associated with the incidence of stomach cancer. Although the negative association appears to have no 
direct biological explanation, such counterintuitive outcomes may be found in complex systems in 
which social and biological variables interact (Van Leeuwen et al., 1999). 

Randomly selected 24-h urine samples from 39 populations in 24 countries were obtained in an 
international study of electrolyte excretion and blood pressure and used to measure sodium (5756 
people) and nitrate (3303 people). The median sodium and nitrate concentrations were standardized by 
age (20^9 years) and sex and averaged per country. Ecological correlation regression analyses were 
done in relation to national rates of mortality from stomach cancer. The Pearson correlation for the 24 
countries was 0.70 in men and 0.74 in women(both p < 0.001) for sodium concentration and 0.63 (p = 
0.001) in men and 0.56 (p < 0.005) in women for nitrate. In multiple regression analysis of stomach 
cancer mortality, with sodium and nitrate as independent variables, the adjusted correlation coefficient, 
r 2 , was 0.61 in men and 0.54 in women (both p < 0.001). Addition of the interaction term (sodium x 
nitrate) to this model increased the adjusted r 2 to 0.77 in men and to 0.63 in women. The model showed 
that the importance of nitrate as a risk factor for death from stomach cancer increased markedly with 
sodium concentration; however, the relationship with sodium was always stronger than that with nitrate. 
Salt intake, measured as sodium excretion in 24-h urine, is probably the rate-limiting factor for stomach 
cancer at the population level. No attempt was made to take cancer induction time into account: the 
urine samples were collected in 1986-87, whereas the data on gastric cancer mortality were for 1986-88 



(Joossens et al, 1996). 



(ii) Cross-sectional studies 

The excretion of nitrate, nitrite, apparent total 7V-nitroso compounds and volatile nitrosamines was 
measured in 24-h urine from 61 Egyptians, divided into four groups: controls, Schistosoma 
haemotobium-infected patients and bladder cancer patients with and without a history of schistosomal 
infection. The urinary concentration of nitrate in S. haemotobium-infected patients was significantly 
higher than in the other three groups. The concentration of nitrite was below the limit of detection of the 
method (< 0.015 |ig/mg creatinine) in all but one of the control samples. S. haemotobium infection 
significantly increased urinary nitrite to 0.9 ±1.16 |ug/mg creatinine (mean ± SD,/? = 0.001), and the 
concentration of nitrite in both groups of patients with bladder cancer was about 20 times that in S. 
haemotobium-infected patients without bladder cancer. Excretion of apparent total 7V-nitroso compounds 
paralleled that of nitrite, and, overall, a good correlation was observed between these two variables (r 2 = 
0.71,/? = 0.0001). NDMA was present in all the samples analysed, and S. haemotobium infection 
significantly increased the urinary concentration over that of controls (4.0 ±1.6 and 2.0 ± 3.0 ng/mg 
creatinine, respectively; p = 0.01). Among the cancer patients, the concentration of NDMA was higher 
than that in controls only in those with schistomal infection. The presence of N-nitroso compounds, 
including NDMA, in the urine of S haemotobium-infected patients both before and after the 
development of cancer and the observation that these compounds also occur in bladder cancer patients 
with no history of schistosomal infection suggest that these compounds might have a role not only in 
initiation of the carcinogenic process but also in its progression (Mohsen et aL, 1999). As endogenous 
nitric oxide production can also result from schistosomiosis, cause and effect can be reversed. 

A study was conducted in Egypt, an area with high environmental levels of nitrosating agents, to 
investigate whether salivary nitrate and nitrite and the activity of nitrate reductase in saliva affect the 
risk for oral cancer. The concentrations of salivary nitrite (8.3 ±1.0 jig/ml) and nitrate (44 ±3.7 |xg/ml) 
and the activity of nitrate reductase (74 ±10 nmol/ml per min) were significantly (p < 0.05) higher in 42 
oral cancer patients than in 40 healthy individuals (nitrite, 5.3 ± 0.3 \xg/ml; nitrate, 27 ± 1.2 ^ig/ml; 
nitrate reductase activity, 46 ± 4 nmol/ml per min). The adjusted ORs and the 95% confidence intervals 
for oral cancer, categorized by the values for salivary nitrate and nitrite and nitrate reductase activity, 
showed a risk associated with a nitrite concentration > 7.5 jag/ml (OR, 3.0; 95% CI, 1.0-9.3), a nitrate 
concentration > 40 (ig/ml (OR, 4.3; 95% CI, 1.4-13.3) and nitrate reductase activity > 50 nmol/ml per 
min (OR, 2.9; 95% CI, 1.1-7.4). The findings suggest that increased consumption of dietary nitrate and 
nitrite is associated with elevated levels of salivary nitrite. Together with the increased activity of 
salivary nitrate reductase, these observations may explain, at least in part, the role of nitrate and nitrite in 
the development of oral cancer in individuals in areas with a high burden of N-nitroso precursors 
(Badawietal., 1998). 

The frequency of variants of hypoxanthine-guanine phosphoribosyltransferase in peripheral blood 
lymphocytes and endogenous nitrosation in human populations with various nitrate levels in their 
drinking-water were investigated in four groups of women volunteers. The groups with low and medium 
intake of nitrate from tap water (14 and 21 women) had concentrations of 0.02 and 18 mg/1, respectively, 
from public water supplies, whereas those with medium and high intakes of nitrate from well water (6 
and 9 women) had mean concentrations of nitrate of 25 and 140 mg/1, respectively. Higher nitrate intake 
resulted in a dose-dependent increase in 24-h urinary nitrate excretion and in increased salivary nitrate 
and nitrite levels. The mean log frequency of variants in peripheral lymphocytes was significantly higher 
in the women with medium intake from well water than in those with low or medium intake from tap 
water. An inverse correlation was found between the peripheral lymphocyte labelling index and the 
nitrate concentration of drinking-water. Analysis for iV-nitrosamines in the urine of 22 women by gas 
chromatography-mass spectrometry revealed the presence of N-nitrosopyrrolidine in 18. Analysis of the 



mutagenicity of well water samples showed that a small number caused reverse mutation in Salmonella 
typhimurium after concentration on a XAD-2 resin column. Thus, consumption of drinking-water with 
high concentrations of nitrate can confer a genotoxic risk, as indicated by increased hypoxanthine- 
guanine phosphoribosyl transferase variant frequencies and endogenous formation of N-nitroso 
compounds from nitrate-derived nitrite (van Maanen et al., 1996b). 

(Hi) Case-control studies 

The increasing incidence of non-Hodgkin lymphoma (NHL) in the USA is only partially explained by 
known risk factors. In a study of 156 cases and 527 controls in Nebraska, USA, the average intake of 
nitrate from community water supplies was estimated for 1947-79. Long-term consumption of 
community water with average nitrate levels in the highest quartile (> 4 mg/1 as nitrate nitrogen, 
equivalent to 18 mg/1) was positively associated with risk for NHL (OR, 2.0; 95% CI, 1.1-3.6). Dietary 
nitrate, mainly from vegetable, was not associated with risk after adjustment for vitamin C and carotene 
intakes, as persons with a lower intake of vitamin C were at slightly greater risk for NHL than those 
whose daily intake was > 130 mg, for all levels of intake of nitrate in drinking-water. Similar findings 
were made for the combined effect of nitrate in drinking-water and carotene. The nitrate levels in private 
wells, measured at the time of interview for 51 cases and 150 controls, were not associated with the risk 
for NHL after adjustment for pesticide use. These findings indicate that long-term exposure to nitrate in 
drinking-water at levels > 18 mg/1 may contribute to the risk for NHL (Ward et al., 1996). 

In another study of the association between NHL and nitrate in drinking-water, a population-based case- 
control study was conducted among white men in Minnesota, USA. By linkage of residential history 
with community water records, the average exposure to nitrate in drinking-water in 1947-75 was 
estimated for 73 cases diagnosed between 1980 and 1982 and for 147 controls who had used community 
water supplies. No association was found between nitrate in community water supplies and NHL within 
the range of concentrations studied (median of highest exposure category, 2.4 mg/1; range, 0.1-7.2 mg/1) 
(Freedman et al., 2000). 

A population-based case-control study in Denmark addressed the hypothesis that parental occupation in 
agriculture increased the risk for testicular cancer in the offspring. The factors investigated were 
childhood residence on a farm, in the country or in an area with a high nitrate concentration in 
groundwater and the parents' occupation in agriculture. The only association that emerged was with 
childhood residence in an area with a high nitrate concentration. The excess risk was, however, confined 
to men who had not grown up on a farm or in the country, making it unlikely that nitrate per se was 
responsible (Moller, 1997). 

A study of risk factors for childhood brain tumours was conducted to investigate the association between 
source of residential drinking-water during pregnancy and the occurrence of brain tumours among 
offspring. Dipstick measurements were made of nitrates and nitrites in tap water in the houses of a 
subset of women who were living in the same house in which they had lived during their pregnancy. A 
total of 540 patients with childhood brain tumours and 801 controls were identified in Los Angeles 
County and the San Francisco Bay Area of California and western Washington State, USA. Overall, no 
increased risk for childhood brain tumours was found in offspring of women for whom wells were the 
source of water; however, an increased risk (OR, 2.6; 95% CI, 1.3-5.2] was observed among offspring 
of women in Washington State and a decreased risk (OR, 0.2; 95% CI, 0.1-0.8) among those in Los 
Angeles County who relied exclusively on well water. Among the small subset of participants for whom 
dipstick measurements of tap water were available, the risk for childhood brain tumours associated with 
the presence of measurable nitrite and/or nitrate was 1.1 (95% CI, 0.7-2.0). Given the crude 
measurement method used and the fact that measures were often obtained years after the pregnancy, the 
relevance of the dipstick findings is unclear. The lack of consistency in the findings for residential water 



source does not support the hypothesis of an increased risk with consumption of well water; however, 
regional differences in the well water content of nitrite may exist, and the increased risk observed in 
western Washington State deserves further evaluation (Mueller et al., 2001). 

A case-control study on gastric cancer and diet conducted in Marseille (France) included 92 patients 
with histologically confirmed adenocarcinoma and 128 controls undergoing functional reduction for 
injuries or trauma. The participants were interviewed by a trained dietician who administered a 
questionnaire about usual diet during the year preceding the first symptoms for cases or preceding the 
interview for controls. The intakes of nitrite, nitrite and pre- formed NDMA from food were estimated 
from a food composition table compiled ad hoc. Odds ratios were calculated after adjustment for age, 
sex, occupation and calorie intake. A high intake of preformed NDMA was associated with an increased 
risk for gastric cancer, the ORs for the second and third tertile of NDMA intake being: OR^ = 4.1 (95% 

CI, 0.93-18) and OR 3 = 7.0 (95% CI, 1.8-26). Intake of nitrate and nitrite was not associated with an 

increased risk for stomach cancer. Consumption of vegetables was protective in general, independently 
of their estimated nitrate content (Pobel et al., 1995). 

A study was conducted to investigate whether consumption of foods and beverages containing 
nitrosamines, nitrite and nitrates affects the risks for laryngeal, oesophageal and oral cancer. In a 
population-based case-control study in western Washington State, USA, dietary consumption of these 
substances was measured for 645 cases (169 laryngeal, 125 oesophageal and 351 oral cancer ) and 458 
controls. After adjustment for tobacco and alcohol use and other known risk factors, the risk for upper 
aerodigestive tract cancer was found to be 52% lower in persons who consumed larger amounts of 
nitrate (upper tertile) as compared with the lowest tertile (p < 0.001 for trend). Nitrate intake was 
associated with a reduction in the risk for cancers at all three sites. The reduction in risk for oesophageal 
cancer with increasing nitrate consumption was more evident in frequent tea drinkers than in other 
persons. The ORs for oesophageal cancer per category of nitrite intake were: 1.0 (reference) for < 1.1 
mg/day, 1.2 for intakes between 1.1 and 1.6 mg/day and 1.6 (95% CI, 0.73-3.4) for intakes > 1.6 
mg/day (p for trend = 0.20). There was no significant association between nitrite consumption and the 
risk for laryngeal or oral cancer; however, for individuals with a history of canker sores (an indicator of 
possible endogenous nitrosation), the risk for oesophageal cancer was seven times greater in those with a 
high nitrite intake than in those with a low intake. Consumption of foods with high concentrations of 
NDMA was associated with a 79% increase in the risk for upper aerodigestive tract cancer (p = 0.037 
for trend). Daily consumption of beer and of nitrite-containing meats was associated with increased risks 
for oesophageal cancer (OR, 2.5 and 1.8, respectively). The OR for cancer of the oral cavity was also 
increased for people who drank beer daily (OR, 1.8). Persons who consumed large amounts of ascorbic 
acid from foods and from supplements were less likely to develop upper areodigestive tract cancer than 
were individuals with lower ascorbic acid intake (p for trend = 0.003) (Rogers et al, 1995). 

In a study to evaluate the roles of maternal nutrition during gestation and subsequently in the etiology of 
childhood brain tumours, all 300 incident cases of nervous system tumours diagnosed in children under 
18 in Israel between 1984 and 1993 were identified. Two matched population controls per case were 
selected (n = 574). Personal interviews were conducted with a semi-quantified three-step food frequency 
questionnaire. Univariate analysis showed that increased consumption of vegetable fat (p for trend = 
0.01; 95% CI, 1.1-3.2), carbohydrates (p for trend = 0.05; 95% CI, 1.0-5.9) and vitamin E (p for trend = 
0.05; 95% CI, 1.0-3.3) during childhood was significantly associated with risk for brain tumour. No 
associations were found with nitrate, nitrite or vitamin C. A significant positive association with 
potassium consumption during gestation (p for trend = 0.01; 95% CI, 1.1-3.7) was noted. In a 
multivariate analysis, the only persistent associations were with vegetable fat (OR, 1.4; 95% CI, 1.1-1.7) 
in the diet during childhood and potassium intake during gestation (OR, 1.4; 95% CI, 1.0-2.0) (Lubin et 
al., 2000). 



(iv) Cohort studies 



The association between intake of nitrate or nitrite and gastric cancer risk was investigated in a 
prospective cohort study begun in 1986 in the Netherlands, of 120 852 men and women aged 55-69 
years. At baseline, data on dietary intake, smoking habits and other covariates were collected by means 
of a self-administered questionnaire. For data analysis, a case-cohort approach was used, in which the 
person-years at risk were estimated for a randomly selected subcohort of 1688 men and 1812 women. 
After 6.3 years of follow-up, 282 microscopically confirmed incident cases of stomach cancer were 
detected, with 219 in men and 63 in women. The rate ratios for gastric cancer with increasing quintiles 
of mean nitrite intake were: 1.0 (intake, 0.01 mg/day), 1.2 (0.04 mg/day), 1.2 (0.09 mg/day), 0.88 
(0.16 mg/day) and 1.4 (0.35 mg/day). The 95% confidence interval for the rate ratio derived by 
contrasting the highest versus the lowest intake quintile was 0.95-2.2. A test for trend in rate ratios 
across quintiles gave a p value of 0.24. The authors concluded that the study did not support a strong 
positive association between nitrite intake and gastric cancer risk (van Loon et al., 1998). 

A cohort study was conducted to investigate the relationship between intake of nitrates, nitrites and 
NDMA and the risk for cancers of the gastrointestinal tract in 9985 adult Finnish men and women who 
were initially free of cancer. During a follow-up period of up to 24 years, 189 gastrointestinal cancer 
cases were diagnosed in the cohort. The intakes of nitrate, nitrite and NDMA were estimated from data 
on food consumption obtained during an interview about the total diet of the participants over the 
previous year. The mean daily intake of nitrates was 77 mg, and that of nitrites was 5.3 mg. Nitrates 
were provided mainly by vegetables (92%), whereas nitrites were derived mainly from cured meats and 
sausages (94%); dietary NDMA was provided by smoked and salted fish (52%) and cured meats and 
sausages (48%). The mean daily intake of NDMA from the diet was 0.052 jig, and that from beer was 

0. 071 ^ig. A significant positive association was observed between intake of NDMA and subsequent 
occurrence of colorectal cancer, with a relative risk between the highest and lowest quartiles of intake of 
2.1 (95% CI, 1.0-4.3). Of the various sources of N-nitroso compounds, smoked and salted fish were 
found to be significantly associated with the risk for colorectal cancer (relative risk, 2.6; 95% CI, 1.2- 
5.5), and intake of cured meat was nonsignificantly associated (relative risk, 1.8; 95 % CI, 0.98-3.5). No 
such association was observed with intake of other fish or other meat. No significant association were 
observed between NDMA intake and cancers of the head and neck or of the stomach or between nitrate 
or nitrite intake and the risk for cancers of the gastrointestinal tract (Dich et al., 1996; Knekt et al., 
1999). 

Cancer incidence was studied in a cohort of 21 977 women in Iowa, USA, who were 55-69 years of age 
at baseline in 1986 and had used the same water supply for > 10 years (87% for > 20 years); 16 541 of 
these women were on a municipal water supply, and the remainder used private wells. Nitrate intake in 
1955-88 was assessed from public databases for municipal water supplies (quartile cut-off points, 0.36, 
1.0 and 2.4 mg/1 for nitrate nitrogen, equivalent to 1.6, 4.5 and 1 1 mg/1 expressed as nitrate ion). As no 
data on individual water consumption were available, each women was assigned an average intake 
calculated on a community basis; no data on intake were available for women using private wells. 
Cancer incidence in 1986-98 was determined by linkage to the Iowa Cancer Registry. A total of 3150 
cases were identified. No consistent association was found with increasing nitrate concentration in 
drinking-water and NHL, leukaemia, melanoma or cancers of the colon, breast, lung, pancreas or 
kidney, but positive associations were found with bladder cancer (relative risks across nitrate quartiles: 

1, 1.7, 1.1 and 2.8) and ovarian cancer (1, 1.5, 1.8 and 1.8) and inverse associations with uterine (1, 0.86, 
0.86 and 0. 55) and rectal cancer (1, 0.72, 0.95 and 0.47) after adjustment for a variety of risk and 
protective factors, agents that affect nitrosation (smoking, vitamin C and vitamin E intake), dietary 
nitrate and water source. Similar results were obtained when the analyses were restricted to nitrate 
concentrations in drinking-water in 1955-64. The positive association with bladder cancer is consistent 
with some previous findings, but the association with ovarian cancer and the inverse associations with 



uterine and rectal cancer were unexpected (Weyer et al., 2001). 

2.3.3 Relationship between nitrate intake and genotoxic effects 

A study was conducted to investigate the potential genotoxicity of nitrates and nitrites in drinking-water. 
The frequencies of sister chromatid exchange and chromatid or chromosomal aberrations were studied 
in peripheral blood lymphocytes from 70 children aged 12-15 who were permanent residents of areas of 
Greece with high concentrations of nitrates in drinking-water (56-88 mg/1). The control group 
comprised 20 healthy children living in areas with a low nitrate concentration in drinking-water (0.7 
mg/1). No increase in the mean number of chromatid or chromosomal breaks was observed in children 
with nitrate concentrations > 55 mg/1, but the frequency increased with intakes > 70 mg/1 (p < 0.01). The 
mean number of sister chromatid exchanges per cell was not increased significantly (Tsezou et al., 
1996). 

2.3.4 Putative relationship between nitrate intake and effects on the endocrine system 

In a mechanistic study on gonadotrophin-stimulated steroidogenesis in mouse Leydig tumour cells in 
vitro, the effects of a number of chemicals, including nitrate, were examined. Nitrate completely 
abolished the effect of 1 IU/1 of human chorionic gonadotropin on androgen secretion. The inhibition 
could be partially overcome by increasing the gonadotropin concentration. Inorganic nitrate probably 
inhibited steroidogenesis via conversion to nitric oxide without involving the guanylate cyclase-cyclic 
guanosine monophosphate pathway (Panesar, 1999). 

It has been suggested that increased nitrate intake affects the function of the thyroid gland in humans, as 
was observed in a study in pigs (Annex 1, reference 1 17), by competitive inhibition of iodide transport 
leading to decreased thyroid hormone secretion, followed by an increase in thyroid-stimulating 
hormone. To test this hypothesis, a 4- week study was conducted in which 10 volunteers received sodium 
nitrate in 200 ml of distilled water at a dose of 15 mg/kg bw once a day for 28 days (three times the 
current ADI of 0-3.7 mg/kg bw expressed as nitrate ion), and 10 volunteers received 200 ml of distilled 
water and served as the control group. Both groups received an iodine-restricted, low-nitrate diet, and 
compliance was checked by measuring the urinary iodide and plasma nitrate concentrations. Before and 
after the 28-day treatment period, the per cent uptake of radioactive iodine was measured 5 h and 24 h 
after administration to investigate competition of nitrate in iodide transport. Before and 2, 3 and 4 weeks 
after treatment with nitrate, blood samples were taken for measurement of thyroid hormones and insulin- 
like growth factor I, as measures of thyroid gland function. Nitrate had no effect on hormone 
concentrations during the 4-week treatment but increased the 24-h per cent uptake of radioactive iodine 
by 1.5 times (20-29%) over that before treatment, whereas a decrease had been expected. The authors 
concluded that intake of nitrate at three times the ADI would not cause changes in thyroid gland 
function in a healthy population (Lambers et al., 2000b). 

2.3.5 Putative relationship between nitrate intake and insulin-dependent diabetes 
mellitus 

Although a number of studies performed before 1991 showed no association between nitrate levels in 
drinking-water and insulin-dependent diabetes mellitus (IDDM), an ecological study in the USA 
(Kostraba et al., 1992) showed a significant positive correlation, and a study in the United Kingdom 
(McKinney et al., 1996) showed a clear excess of childhood IDDM in rural areas, which were presumed 
to have higher concentrations of nitrate in drinking-water than urban areas. Further epidemiological 
studies were therefore performed to test the hypothesis that the incidence of childhood IDDM is 
increased in areas with higher levels of nitrate in domestic drinking-water. 



A population-based study performed in conjunction with the Yorkshire Register of Childhood Diabetes 
included 1797 children aged 0-16 years in whom IDDM was diagnosed while they were resident in the 
geographical area of the former Yorkshire Regional Health Authority, which covered the period 1978— 
94 and was about 97% complete. Three categories of nitrate intake were defined on the basis of 
population density, with equal populations. In 9330 water samples taken between 1990 and 1995, the 
nitrate concentration exceeded 25 mg/1 in 2775 (30%) and exceeded 50 mg/1 in 31 of these (0.1%). A 
positive association was found between the nitrate content of domestic water and the incidence of IDDM 
(McKinney et aL, 1999). 

An ecological study addressed the possible relation between nitrate levels in drinking-water in the 
Netherlands and the incidence of type 1 IDDM, to determine whether the standard of the European 
Commission and WHO for nitrate in drinking-water (37 mg expressed as nitrate ion) is adequate to 
prevent this disease. During 1993-95 in the Netherlands, 1 104 cases of type 1 diabetes were diagnosed 
among 2 829 020 children aged 0-14, and 1064 of these cases were used in the analysis. The mean 
concentrations of nitrate in drinking-water in 3932 postal code areas in 1991-95 were divided into two 
categories, one based on equal numbers of children with various nitrate levels (0.25-2.1, 2.1-6.4 and 
6.4-41 mg/1) and the other based on cut-off values of 10 and 25 mg/1 for nitrate. Standardized incidence 
ratios for type 1 diabetes were determined for subgroups of the 2 829 020 children with respect to nitrate 

category, sex and age and as compared in univariate analysis with a chi 2 test for trends. Incidence rate 
ratios were calculated by multivariate analysis in a Poisson regression model. An effect of increasing 
age on the incidence of type 1 diabetes was seen, but there was no effect of sex or of nitrate 
concentration in drinking-water for the two categories. For a nitrate concentration > 25 mg/1, both the 
standardized incidence ratio and the incidence rate ratio were increased (1.5); however, the increase was 
not statistically significant, probably because of the small number of cases (15 of 1064). The authors 
concluded that there is no convincing evidence that nitrate in drinking-water at current levels is a risk 
factor for childhood type 1 diabetes mellitus in the Netherlands, although a threshold > 25 mg/1 could 
not be excluded as higher concentrations were not studied (van Maanen et al., 2000). 

2.3.6 Putative relationship between nitrate intake and neural tube defects 

A population-based case-control study was conducted in California, USA, between June 1989 and May 
1991 to investigate a possible association between periconceptional exposure of mothers to nitrate in 
drinking-water and the diet and the risk for neural tube defects in their offspring. The mothers of 538 
cases and 539 normal controls were interviewed regarding residential history, consumption of tap water 
at home and dietary intake during the periconceptional period. Dietary nitrate intake was not associated 
with an increased risk for neural tube defects; concentrations > 45 mg/1 in drinking-water as nitrate ion 
were associated with an increased risk for anencephaly (OR, 4.0; 95% CI, 1.0-15) but not for spina 
bifida. Increased risks for anencephaly were also observed among the offspring of mothers who drank 
groundwater only with nitrate concentrations below the maximum level (OR, 2.1; 95% CI, 1.1-4.5 for 
16- 35 mg/1; and OR, 6.9; 95% CI, 1.9-25 for 36-67 mg/1 compared with < 5 mg/1, all as nitrate ion). 
Adjustment for identified risk factors for anencephaly did not substantially alter these associations, nor 
did control for maternal dietary intake, total vitamin C intake or quantity of tap water consumed (Croen 
etal., 1997,2001). 

2.3.7 Putative relationship between nitrate intake and sudden infant death syndrome 

It has been shown (Wiklund et al., 1998) that enteric bacterial urease is inhibited in victims of sudden 
infant death syndrome (SIDS). One possible inhibitor of this bacterial activity is nitrate. If ambient 
pollution by nitrate is involved in the etiology of SIDS, only a fraction of the nitrate concentration often 
found in drinking-water would be enough to cause such inhibition. The 636 cases of SIDS that occurred 



in Sweden during the period 1990-96 were analysed with regard to geographical and seasonal 
distribution, the nitrate concentration in drinking-water and changes in groundwater level. Both the birth 
rate and the incidence of SIDS decreased during the study period. One-quarter of the municipalities, 
constituting 1 1% of the population, had no cases, the maximum incidence being 6.5 per 1000 live births. 
The northernmost parts of the country had the highest incidence, and individual deaths were associated 
with recharging of groundwater, which increases its nitrate content. The local incidence of SIDS was 
correlated (r 2 = 0.34-0.87) to the maximal recorded concentration of nitrate in drinking-water. The 
seasonal distribution of SIDS was very different from the south to the north of the country and appeared 
to be associated with differences in groundwater level subsequent to precipitation, frost penetration and 
melting of snow. Consumption of drinking-water with high peak concentrations or wide variations in 
nitrate concentration was correlated to the incidence of SIDS. The regression plots showed that the 
incidence of SIDS would exceed 1.5% at nitrate concentrations of 40-60 mg/1 (George et al., 2001). 

2.4 Miscellaneous aspects 

2.4.1 Claimed beneficial effects of nitrate 

In a critical review of studies of the effect of nitrate, it was claimed that nitrate can have beneficial or 
protective effects on health. The implication of dietary nitrate (via conversion to nitrite) in the formation 
of methaemoglobin and carcinogenic nitrosamines in humans has led to restriction of nitrate and nitrite 
levels in food and drinking-water; however, the authors considered that there is no epidemiological 
evidence for increased risks for gastric or intestinal cancer in population groups with high dietary intake 
of vegetables or nitrate. A re-evaluation of the negative perception of dietary nitrate was conducted on 
the basis of studies on the metabolism and enterosalivary circulation of nitrate in mammals, which 
showed that nitrate is converted to nitrite in the oral cavity, which then 'fuels' mammalian resistance to 
infectious disease. In the acid environment of the stomach, nitrite is reduced to nitric and other nitrogen 
oxides and, conceivably, also contributes to the formation of systemic S-nitrosothiols. Nitric oxide and 
solutions of acidified nitrite, mimicking gastric conditions, have been shown to have antimicrobial 
activity against a wide range of organisms. In particular, acidified nitrite was bactericidal for a variety of 
gastrointestinal pathogens, such as Yersinia and Salmonella. Nitric oxide is also known to have 
vasodilatory properties and to modulate platelet function, as do S-nitrosothiols. Thus, the authors 
concluded that nitrate in the diet determines the production of reactive nitrogen oxide species in the 
stomach and acts as a host defence against gastrointestinal pathogens, as a modulator of platelet activity 
and is possibly involved in gastrointestinal motility and microcirculation. The authors concluded that 
dietary nitrate may have an important therapeutic role to play, for instance in immunocompromised 
persons and in persons at particular risk of contracting gastroenteritis (Duncan et al., 1995; Dykhuizen et 
aL, 1996; McKnight et al., 1997; Vallance, 1997; McKnight et al., 1999). The authors also reported that 
the conversion of nitrate into oxides of nitrogen prevents the formation of carcinogenic nitrosamines 
(Duncan etal., 1997). 

2.4.2 Other opinions on hazard and risk of nitrate 

Other international committees, such as those convened by the European Commission and IARC, have 
assessed the safety of nitrate and nitrite, and some criticisms have been made of the safety evaluation 
performed by the Committee at its forty-fourth meeting. For instance, L'Hirondel & L'Hirondel (1997) 
noted that the drinking-water standard for nitrate, which is based mainly on methaemoglobin formation, 
was established by another WHO committee and not by the Expert Committee. The limit of 50 mg/1 for 
sodium nitrate was considered to be conservative, as the enteritis that occurs in cases of gastrointestinal 
tract infection has a greater influence on methaemoglobin formation than nitrite derived from conversion 
of nitrate. The authors claimed that most cases of methaemoglobinaemia have been associated with 



intake of well water containing nitrate at > 100 mg/1 and concomitant microbiological contamination. 

The authors also criticized establishment of an ADI for both nitrate and nitrite and the use of a safety 
factor of 500 for nitrate. They further criticized use of the NOEL for nitrite to transpose the ADI to 
nitrate. 

They considered that two of the studies with nitrite should be re-evaluated. They stated that the one 
showing hypertrophy of the zona glomerulosa in the adrenal cortex in rats (Til et al., 1988) should be 
reconsidered, as other studies (Vleeming et al., 1997; Boink et al., 1999) demonstrate that the minimal 
hypertrophy can be considered a physiological adaptation to the slight oscillation in blood pressure 
caused by nitrite via the renin-angiotensin system. They stated that it should therefore not be considered 
a toxic effect relevant for the situation in humans. They considered that the study of Shuval & Gruener 
(1972, 1977) should also be re-evaluated. Although differences were found in the hearts, lungs and 
coronary arteries of treated and control animals at concentrations of sodium nitrite > 200 mg/1, the 
Environmental Protection Agency (1990) and L'Hirondel & L'Hirondel (1997) stated that these changes 
were due at least partly to an absence of the coronary thickening and narrowing that normally occurs in 
aged rats. Hence, these changes may not be inherently adverse. 

3. COMMENTS 

The few new studies on the toxicokinetics and metabolism of nitrate in animals that have become 
available since the forty- fourth meeting of the Committee confirm that the rat is not a good surrogate 
species for humans in this respect, as it does not show salivary transport of nitrate and therefore has 
limited conversion of nitrate to nitrite. 

In a study of the conversion of nitrate to nitrite in humans, in which sodium nitrate was administered in 
drinking-water at a single dose of 7.3 mg/kg bw, expressed as nitrate ion, neither blood pressure nor 
methaemoglobin concentration was affected. The nitrite concentration of the gastric juice was 
approximately six times higher after administration of nitrate in combination with pretreatment with 
omeprazole at 40 mg/day (which increased the gastric pH) than after nitrate alone. Nitrate was absorbed 
rapidly, the concentration in plasma increasing within 10 min, and the half-life of nitrate in plasma was 
about 6.5 h; about 70% of the dose was excreted in urine within 10 h of dosing. The plasma 
concentration of nitrite did not change after nitrate administration. About 8% of the total nitrate 
administered was converted to nitrite in saliva, as found in other studies. The Committee at its forty- 
fourth meeting concluded that the range of nitrate conversion is 5-7% for normal individuals and 20% 
for individuals with a high rate of conversion. 

The results of studies in humans on the potential of a high nitrate intake to cause methaemoglobinaemia 
were equivocal. Some of the studies showed an association between a high nitrate concentration in 
drinking-water and methaemoglobinaemia, and others indicated that gastrointestinal infections, 
inflammation and the ensuing overproduction of nitric oxide are major factors in infantile 
methaemoglobinaemia. No increase in methaemoglobin concentration was seen in volunteers after a 
single administration of sodium nitrate in drinking-water providing a dose of 7.3 mg/kg bw, expressed 
as nitrate ion. 

A study in humans showed that nitrate in vegetable matrices and from other sources, such as drinking- 
water, is almost totally bioavailable. 

As nitrate shares a common transport mechanism with iodide, studies were conducted to determine 
whether nitrate affects thyroid function. A 28-day study with volunteers given sodium nitrate in 



drinking-water at a concentration equivalent to 15 mg/kg bw per day (11 mg/kg bw per day expressed as 
nitrate ion) showed no effects on thyroid function and no increase in the per cent of 
methaemoglobinaemia. A 90-day study of toxicity in rats showed that sodium nitrate at a dose of 
50 mg/kg bw per day did not affect the thyroid or the zona glomerulosa of the adrenals. 

In studies in humans, consumption of drinking-water containing sodium nitrate at a concentration of 
2800 mg/1 concomitantly with volatile 7V-nitrosatable amines in the diet (in cod, salmon or shrimp) led to 
a two- to threefold increase in urinary excretion of N-nitrosodimethylamine and 7V-nitrosopiperidine. 

Several studies were reviewed on the effect of administration of nitrate on the release of nitric oxide at 
the junction of the oesophagus and the stomach in humans, which, it was speculated, might be 
associated with an increased incidence of cancer at this site. However, no such association has been 
observed in epidemiological studies. 

A number of epidemiological studies have been published since the forty- fourth meeting of the 
Committee on the relationship between nitrate intake and cancer risk. At its present meeting, the 
Committee ranked the study designs according to their capacity to provide evidence of a relationship. In 
the descriptions below, relative risk estimates are given for those studies in which levels of intake of 
nitrate were provided. 

Six ecological (correlation) studies were reported on nitrate in drinking-water and mortality from or 
incidence of cancer. Elevated risks were found for prostate cancer and for brain tumours (each in one 
study), but the results of six studies on gastric cancer were conflicting. The results of ecological studies 
(in which populations are the units of measurement) cannot be extrapolated to the individual level. 
Furthermore, most of the ecological studies were based on limited data on nitrate concentrations and on 
cancer mortality rates (rather than incidence rates), and none took an induction period for cancer into 
account. 

Three of the studies were cross-sectional, involving measurement of, e.g., salivary nitrate in cancer 
patients and healthy subjects. Because cross-sectional studies do not take into account the time between 
exposure and disease, any observed differences in biomarkers of exposure might also be a consequence 
of the disease; therefore these studies cannot contribute to a causal interpretation of the results of studies 
of nitrate intake and cancer risk. 

Seven case-control studies on nitrate in drinking-water and/or food and cancers at various sites were 
reviewed. In the studies on nitrate in drinking-water, conflicting results were reported with regard to an 
association with non-Hodgkin lymphoma, and no association was found with brain tumours. In the 
studies on dietary nitrate, no association was found with oral, oesophageal, gastric or testicular cancer. 
No other cancer sites have been studied. 

Three prospective cohort studies have been conducted on nitrate intake and cancer risk. A cohort study 
in the Netherlands, with 6 years of follow-up, found no significant association between the incidence of 
gastric cancer and intake of nitrate from food or drinking-water, with relative risks for increasing 
quintiles of total nitrate intake of 1.0 (reference quintile), 1.2, 0.7, 0.9 and 0.9 for mean intakes of 60, 
85, 100, 120 and 180 mg/day, respectively. Neither the relative risks nor the trend across relative risks 
was significant. A further analysis of the effect of nitrate within textiles of vitamin C intake also did not 
reveal a positive association between nitrate intake and gastric cancer. A Finnish cohort study on dietary 
nitrate, with 24 years of follow-up, reported no association with the risks for tumours of the stomach, 
colorectum or head and neck. The average nitrate intake in this cohort was reported to be 77 mg/day. A 
cohort study in Iowa, USA, with 1 1 years of follow-up, revealed no consistent association between 
intake of nitrate from drinking-water and the risks for cancers at many sites, and an inverse association 



was reported with cancers of the uterus and rectum. Positive associations with nitrate intake were 
observed only for cancers of the ovary and urinary bladder, although it was not possible to determine 
whether other factors in drinking-water were responsible for these associations. In addition, no evidence 
of a dose-response relationship was found for any of the cancer sites addressed in the study in Iowa. The 
cohort studies included control for various potential confounders, such as intake of vegetables, age and 
smoking. 

Overall, the epidemiological studies showed no consistently increased risk for cancer with increasing 
consumption of nitrate. These data, combined with the results of the epidemiological studies considered 
by the Committee at its forty-fourth meeting, do not provide evidence that nitrate is carcinogenic to 
humans. 

A number of studies were performed to determine whether there are associations between nitrate intake 
in drinking-water and insulin-dependent diabetes mellitus, neural tube defects or sudden infant death 
syndrome. In none of these studies was a hypothesis proposed for the mechanism of an association. Two 
studies were conducted on the incidence of insulin-dependent diabetes mellitus and nitrate intake via 
drinking-water. One study in Yorkshire, United Kingdom, suggested a positive association, but the 
authors considered that the finding required confirmation. A study in the Netherlands with a larger 
number of subjects did not show a positive association. The two studies on nitrate intake and neural tube 
defects also showed no association. In a recent ecological study in Sweden, a correlation was reported 
between the nitrate concentration in drinking-water and the occurrence of sudden infant death syndrome; 
however, no confounding factors were taken into account. The Committee considered that it would be 
premature to include these observations in its safety assessment. 

4. EVALUATION 

The Committee concluded that the pivotal observed toxic effects of nitrate are consequent on its 
conversion to nitrite in vivo. The Committee at its present meeting established an ADI of 0-0.07 mg/kg 
bw for nitrite (see earlier part of this section). As the new data on nitrite would not provide a basis for a 
significant change in the previous ADI for nitrate, the Committee retained the ADI of 0-5 mg/kg bw 
expressed as sodium nitrate, or 0-3.7 mg/kg bw, expressed as nitrate ion, established at its forty- fourth 
meeting. 
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1. EXPLANATION 

Nitrite occurs in the environment, in food and water, and is produced endogenous-ly. It is also used as a 
food additive, mainly as a preservative, antimicrobial agent and colour fixative. It is used in foods such 
as cheese and cheese products, raw and processed meats, edible casings, processed fish and fish products 
and roe. 

Nitrite was reviewed by the Committee at its sixth, eighth, seventeenth, twentieth and forty-fourth 
meetings (Annex 1, references 6, 8, 32, 41 and 1 16). At its sixth meeting, the Committee allocated an 
ADI of 0-0.4 mg/kg bw to this substance, expressed as sodium nitrite. This ADI was based on a 
marginal reduction in body- weight gain at a dose of 100 mg/kg bw per day in a long-term study in rats. 
At its seventeenth meeting, the Committee lowered the ADI for sodium nitrite to 0-0.2 mg/kg bw and 
made it temporary At that time, the Committee used a safety factor higher than normal (500) because the 
ADI was based on a marginal effect and there is a possibility of the endogenous formation of 7V-nitroso 
compounds from nitrite and 7V-nitrosatable compounds present in food and the gastrointestinal tract. At 
its twentieth meeting, the Committee considered the reports of a WHO task group and of a working 
group of the International Agency for Research on Cancer on N-nitroso compounds but concluded that 
they did not provide sufficient evidence to revise the temporary status of the ADI. 

After that meeting, numerous toxicological and epidemiological data became available, which the 
Committee considered at its forty-fourth meeting. Nitrite both with and without nitrosatable precursors 
was found to be genotoxic in vitro in several tests, but, with the exception of a test in Drosophila 
melanogaster, the results obtained in vivo were negative. The results of carcinogenicity studies with 
nitrite were negative, except those in which extremely high doses of both nitrite and nitrosatable 
precursors were administered simultaneously or premixed in the diet. In addition, the epidemiological 
data provided no evidence for an association between exposure of humans to nitrite and nitrate and the 
risk for cancer. 

At its forty-fourth meeting, the Committee noted that several controlled laboratory studies had shown 
that iV-nitroso compounds are formed endogenously when both nitrite and 7V-nitrosatable compounds are 
present together at high concentrations; it observed, however, that quantitative data were available only 
on those JV-nitroso compounds that are readily formed endogenously, such as JV-nitrosoproline, which is 
not carcinogenic. As there was no quantitative evidence of the endogenous formation of carcinogenic N- 
nitroso compounds at the levels of intake of nitrite and nitrosatable precursors achievable in the diet, a 
quantitative risk assessment of nitrite on the basis of endogenously formed 7V-nitroso compounds was 
considered to be inappropriate. The Committee at its forty-fourth meeting therefore based its safety 
evaluation on studies of toxicity with nitrite. The NOELs in these studies were 5.4 mg/kg bw per day 



(expressed as nitrite ion) in a 90-day study in rats, in which hypertrophy of the zona glomerulosa was 
observed, and 6.7 mg/kg bw per day (expressed as nitrite ion) in a 2-year study, in rats in which effects 
on the heart and lungs were observed. On this basis, the Committee allocated an ADI of 0-0.06 mg/kg 
bw, expressed as nitrite ion, by applying a safety factor of 100. 

At its present meeting, the Committee reviewed the data that had become available on nitrite since its 
forty- fourth meeting, including data on the relevance and adverse nature of certain effects, with new 
information on the mode of action of effects on the adrenals and on toxicokinetics. 

2. BIOLOGICAL DATA 
2.1 Biochemical aspects 

2.1.1 Absorption, distribution and excretion 

In an open, randomized, three-way cross-over study, seven women and two men (mean age, 23 ± 1.5 
years; mean weight, 68 ± 3.3 kg) received a single oral dose of sodium nitrite at 0.06 or 0.12 
mmol/mmol haemoglobin, corresponding to 140-190 mg or 290-380 mg, depending on the weight of 
the person, and 7 days later received one intravenous dose of sodium nitrite at 0.12 mmol/mmol 
haemoglobin, corresponding to 290-380 mg. All doses were administered after an overnight fast. 
Adverse effects, blood pressure, heart rate, haemoglobin concentra-tion, per cent methaemoglobin in 
blood and plasma nitrite and nitrate concentration were recorded frequently for 24 h after each 
administration of sodium nitrite. 

Headache was the most frequent complaint during each treatment session, and lowered blood pressure 
accompanied by an increased heart rate were seen after each treatment. The maximum per cent 
methaemoglobin in blood was 8.4-12% after intravenous administration and 7.7-1 1% and 3.4-4.5% 
after the two oral doses of sodium nitrite. The maximum methaemoglobin level was reached about 1.2 h 
after intravenous or oral administration of sodium nitrite at 0.12 mmol/mmol haemoglobin and 0.7 h 
after administration of the low oral dose. Gastrointestinal absorption of sodium nitrite was rapid, with 
maximum plasma nitrite concentrations observed 15-30 min after dosing. Nitrite disappeared rapidly 
from plasma, with an average elimination half-life of 30 min. The bioavailability of sodium nitrite was 
73-120% after the high oral dose and 70-1 10% after the low oral dose. The authors concluded that, 
under fasting conditions, 90-95% of orally administered sodium nitrite is absorbed from the 
gastrointestinal tract (Kortboyer et al. 3 1997a). 

2.1.2 Methaemoglobin formation 

(a) In vitro 

The methaemoglobin-inducing potential of nitrite was investigated in vitro in fresh, heparinized, human 
venous blood samples maintained at 37 °C. Ten doses of sodium nitrite with a molar ratio of nitrite to 
haemoglobin of 0.01-0.15 were tested in triplicate. The haemoglobin concentration, per cent 
methaemoglobin and the pH of the blood were determined at 2-h intervals after the start of the 
experiment. None of the blood samples showed visible haemolysis at the end of the experiment. 
Methaemoglobin contents up to 24% were induced. A linear relationship was established between the 
nitrite dose and the maximum methaemoglobin level induced in blood. Linear regression analyses 

showed an adjusted r 2 of > 0.99 (p = 0.0001). The molar ratio of the nitrite dose to the maximum per 



cent methaemoglobin induced at T max was approximately 0.7 at all doses. A dose of sodium nitrite with 
a molar ratio to haemoglobin of 0.04 induced about 5% methaemoglobin ( Kortboyer et al., 1997b). 

(b) Humans 

Contamination of food during manufacture and degradation of nitrate in vegetables appear to be 
important factors in the induction of methaemoglobinaemia. Stringent control of excessive use of nitrate 
and nitrites in food items such as refrigerated dim sum, stuffed pork and Chinese sausages, which are 
popular among some Asian populations, is required in order to prevent outbreaks of toxic 
methaemoglobinaemia. Persons with glucose-6-phosphatase deficiency, which is common in some 
Asian populations, may present with methaemoglobinaemia and intravascular haemolysis after exposure 
to oxidant drugs or chemicals. Methylene blue is inefficient and may exacerbate haemolysis in these 
patients; partial exchange transfusion may be required (Chan, 1996) 

A case report described two incidents of illness due to intake of nitrite. In the first, 59% 
methaemoglobinaemia was found in 29 students and 20% methaemo-globinaemia in 14 of 49 students 
who ate leftover soup containing 460 mg/1 nitrite. They also had blue lips and fingers, nausea, vomiting 
and headache. In the second incident, four of six office workers who drank leftover coffee containing 
300 mg/1 nitrite showed a 6-16% increase in methaemoglobin. No estimates of intake were made. In 
both cases, the nitrite originated from a contaminated hot- water tap (Centers for Disease Control, 1997). 

In a case study, life-threatening methaemoglobinaemia associated with exposure to sodium nitrite was 
recorded in three previously healthy siblings: 4-year-old twin boys and their sister aged 2 years. Their 
father had used a solution of sodium nitrite as an insecticide. On the day of hospital admission, one of 
the children had mistaken a small bag of crystals for sugar, which was added to tea at concentrations of 
5100 mg/1, 5000 mg/1 and 4900 mg/1 in the three cases, respectively (Finan et al, 1998). 

In blood, nitrite is rapidly oxidized by haemoglobin to yield methaemoglobin and nitrate; therefore, the 
oral bioavailability of nitrite cannot be calculated from the plasma nitrite concentration. A study in 
healthy volunteers was conducted to investigate the oral bioavailability of a substantial dose of nitrite in 
an aqueous solution. As the vasodilating and methaemoglobin-inducing potential of nitrite limit the dose 
that can be administered safely, the study was preceded by a range-finding study in three volunteers to 
establish the dose that induced methaemoglobin of not more 10-15%. The results showed that a dose of 
0.12 mmo/ mmol haemoglobin (290-370 mg of sodium nitrite) induced formation of 1 1% 
methaemoglobin in the blood. This was considered the maximum safe dose for adult volunteers, and 
doses of 0.04, 0.08 and 0.12 mmol were used. At the maximum dose, all volunteers reported effects of 
mild intensity. In addition to lowered blood pressure, a compensatory increase in heart rate was seen at 
all doses, which remained within acceptable limits. The peak plasma nitrite concentrations were 
considered acceptable for a bioavailability study (Kortboyer et al., 1998). 

Two forms of methaemoglobin — methaemoglobin and nitrite methaemoglobin — were found in native 
human erythrocytes in the presence of sodium nitrite in suspension. The interaction of intercellular 
oxyhaemoglobin with nitrite ions in normal erythrocytes resulted in the formation of methaemoglobin, 
whereas it led predominantly to the formation of nitrite methaemoglobin in metabolically exhausted 
erythrocytes. Nitrite methaemoglobin reacts with hydrogen peroxide to form reactive intermediates (e.g. 
peroxynitrous acid) and the products of haemoglobin destruction. During storage of erythrocyte 
suspensions containing methaemoglobin and modified nitrite methaemoglobin, the forms of erythrocytes 
and their degree of haemolysis changed. It was assumed that formation of methaemoglobin leads to 
destruction of erythrocytes (Starodubtseva et al.,1999) 



2.1.3 Endogenous formation of 7V-nitroso compounds 



A study was conducted in the USA to determine the dose of ascorbic acid required to inhibit N- 
nitrosoproline formation when 400 mg of nitrate were given 1 h before a standard 400-calorie meal with 
500 mg of L-proline. Volunteers ate their normal diets but restricted their intakes of nitrate, proline, N- 
nitrosoproline and ascorbic acid. iV-Nitrosoproline and 7V-nitrosarcosine were determined in urine after 
18 h by methylation and then gas chromatography with thermal energy analysis. The mean yields of N- 
nitrosoproline were 1 1, 42, 33, 22 and 23 nmol in groups of 9-25 subjects taking proline alone, proline 
plus nitrate or proline plus nitrate plus 120, 240 or 480 mg of ascorbic acid, respectively. There was a 
significant trend to lower 7V-nitrosoproline yields as the dose of ascorbic acid increased. These results 
correspond to inhibition by ascorbic acid of 28%, 62% and 60% , respectively. Pairwise comparisons 
showed that each group taking ascorbic acid formed significantly less A^-nitrosoproline than the group 
given only proline plus nitrate. The mean N-nitrosarcosine yields were 9 nmol when proline was taken 
alone and 17-24 nmol with proline plus nitrate plus ascorbic acid, with no trend to increasing individual 
values. It was concluded that 120 mg of ascorbic acid taken with a meal containing nitrate at 360 
mg/day would significantly reduce nitrosamine formation in vivo ( Mirvish et al., 1998) 

2.2 Toxicological studies 

2.2.1 Short-term studies of toxicity 

Mice 

Groups of 10 male and 10 female B6C3FJ mice were given drinking-water containing sodium nitrite at a 

concentration of 0, 375, 750, 1500, 3000 or 5000 mg/1, equal to average daily doses of approximately 
90, 190, 340, 750 and 990 mg/kg bw for males and 120, 240, 440, 840 and 1200 mg/kg bw for females, 
for 14 weeks. The body weights of males at the highest dose were significantly lower than those of 
controls at week 13. The relative weights of the spleen in males and the absolute and relative weights of 
the heart, kidney, liver and spleen of females at the two higher doses were greater than those of the 
control groups. Sperm motility was decreased in males at the highest doses, and the estrous cycles of 
females at the three higher doses were significantly longer than those of controls. Increased incidences 
of squamous-cell hyperplasia of the forestomach were seen in males and females at the two higher 
doses, of extramedullar haematopoiesis of the spleen in males at the two higher doses and in females at 
the three higher doses and of degenaration of the testis in males at the two higher doses. The NOEL was 
190 mg/kg bw per day (National Toxicology Program, 2001). 

Rats 

As hypertrophy of the adrenal zona glomerulosa was observed at all concentrations of potassium nitrite 
tested, including the lowest (100 mg/1), a study was performed to establish a NOEL for nitrite. Groups of 
10 male and 10 female 6-week-old Wistar (TNO) rats received drinking-water containing potassium 
nitrite at a concentration of 12, 25, 50, 100 or 3000 mg/1 or sodium nitrite at a concentration of 81 or 
2400 mg/1 for 13 weeks, the nitrite content of the drinking-water in the last two groups being equal to 
that of the groups given the two higher concentrations of potassium nitrite. The potassium and sodium 
concentrations in the drinking-water of the corresponding control groups were equalized with KC1 and 
NaCl, respectively. 

General health, behaviour and survival were not affected by ingestion of nitrite. Body weight and food 
and water intake were slightly decreased in animals of each sex given the highest dose of either nitrite. 



The methaemoglobin concentration was significantly increased in rats at these doses in weeks 4 and 12, 
while a slight increase in erythrocyte variables was seen during week 12 in females given the potassium 
salt at 3000 mg/1. The relative weight of the kidney was increased at the highest dose of each nitrite. In 
week 4, plasma aldosterone and corticosterone concentrations were slightly decreased in males at the 
higher dose of sodium nitrite, and plasma corticosterone was slightly decreased in females at the highest 
dose of potassium salt; these effects were not seen in week 13. Systolic blood pressure was not affected. 
Microscopic examination revealed slight hypertrophy of the adrenal zona glomerulosa in rats given 
potassium nitrite at 100 or 3000 mg/1 and at the lower dose of the sodium salt, and plasma aldosterone 
and corticosterone concentrations were slightly decreased in males at the highest dose of sodium nitrite, 
the incidence and degree being dose-related. The results seen with potassium nitrite at 100 and 3000 
mg/1 in drinking-water were comparable to those found at the same concentrations in the previous 90- 
day study. The effects of sodium nitrite were similar to those of potassium nitrite. The NOEL for 
potassium nitrite was 50mg/l in drinking-water, equivalent to 5 mg/kg bw per day (Til et al., 1997). 

In a study of the effect of age on the toxicity of nitrite, groups of 10 young adult and four aged male 
Wistar rats were allocated to four subgroups. Three subgroups received potassium nitrite in the drinking 
water at a concentration of 6 mmol/1 (supplemented with 30 mmol KC1/1), 18 mmol/1 (supplemented 
with 18 mmol KCL/1) or 36 mmol/1, equivalent to 83, 250 and 500 mg/kg bw, and a control group 
received 36 mmol/1. Blood samples were collected for measurement of methaemoglobin every 2 weeks, 
starting before the start of nitrite administration. In week 4, the rats were placed in metabolism cages, 
and 24-h urine samples were collected for qualitative (dipstick) and quantitative (volume, creatinine 
concentration, osmolality, 7V-acetylglutamate activity, nitrate and total protein concentrations) analysis. 
At the end of the urine collection period, blood was collected for clinical chemistry. In week 5, a test for 
phenolsulfthalein was conducted. In week 6, the rats were autopsied and examined macroscopically, and 
blood was collected for measurement of the concentrations of insulin, thyroxine and free thyroxine. 
Heart, liver, adrenals, brain, pituitary, spleen and thyroid gland, were weighed and fixed for 
histopathological examination. In addition, mesenteric lymph nodes and all organs showing macroscopic 
lesions were prepared for examination. 

The known effects of nitrite, methaemoglobinaemia and hypertrophy of the zona glomerulosa of the 
adrenals, were observed in both young and aged rats. Hypertrophy of the zona glomerulosa was seen at 
the two higher doses, the NOEL thus being 6 mmol/1 (equivalent to 84 mg/kg bw per day). Aged rats 
drank less water than controls (31% less) and the young adults (14% less at the highest dose). As nitrite 
is rapidly converted to nitrate, the plasma concentration of nitrate can be interpreted as a reflection of 
internal nitrite dose. The plasma nitrate concentrations of the aged rats were approximately three times 
higher than those of young adult rats. Because aged rats have more fat than young adults, the 
distribution volume is not proportional to body weight, leading to an increase in plasma nitrate. More 
efficient renal retention of water (and consequently of nitrite/nitrate) may also have contributed to the 
higher nitrate concentrations in the plasma of aged rats. Therefore, the internal nitrite dose of the aged 
rats was adequate and at least comparable to that of the young adults. No further treatment-related 
differences in effect were found between the groups. The NOEL in this strain of Wistar rats was 50 
mg/kg bw per day, which is considerable higher than the NOEL in the strain used by Til et al. (1997), 
even though both NOELs were for hypertrophy of the renal zona glomerulosa. The authors concluded 
that the aged rats and young adult rats were equally susceptible to the toxic effects of nitrite (Boink et 
al., 1996, 1997). 

Groups of 10 males and 10 females rats were given drinking-water containing sodium nitrite at a 
concentration of 0, 380, 750, 1500, 3000 or 5000 mg/1, equal to average daily doses of 30, 55, 120, 200 
and 310 mg/kg bw per day for males and 40, 80, 130, 220 and 340 mg/kg bw per day for females, for 14 
weeks. Further groups of 15 males and 15 females were given water containing the same concentrations 
for 70 and 71 days. One female at 220 mg/kg bw per day died before the end of the study. 



The body weights of males at 310 mg/kg bw per day were significantly lower than those of controls. 
Males at 3 10 mg/kg bw per day and females at the two higher doses drank less water than controls in 
weeks 2 and 14. The clinical findings related to treatment included brown discolouration of the eyes and 
cyanosis of the mouth, tongue, ears and feet of males at 200 and 310 mg/kg bw per day and of females 
at the three higher doses. Reticulocyte counts were increased in both males and females at the two 
higher doses. The erythron was decreased on day 19 but increased by week 14 in males and females at 
the highest dose. Methaemoglobin concentrations were elevated in almost all treated groups throughout 
the 14-week study: the per cent of total haemoglobin found as methaemoglobin was 0.002% in control 
males, 4.4% in males at 200 mg/kg bw per day and 17% in males at 3 10 mg/kg bw per day, and 0.37% 
in control females, 5.8% in females at 220 mg/kg bw per day and 1 1% in females at 340 mg/kg bw per 
day. The authors concluded that a NOEL could not be identified for this effect. The relative weights of 
the kidney and spleen of males and females at the two higher doses were increased, and sperm motility 
was significantly decreased in males at 120 and 300 mg/kg bw per day. Increased erythropoietic activity 
in the bone marrow of males and females at the two higher doses was observed as an increased number 
of reticulocytes. The incidence of squamous-cell hyperplasia of the forestomach was significantly 
increased in males and females at the highest dose. As methaemoglobin formation of less than 3% is 
considered not to be adverse, the NOEL was 55 mg/kg bw per day on the basis of reduced sperm 
motility in rats at 120 mg/kg bw per day (National Toxicology Program, 2001). 

2.2.2 Long-term studies of toxicity and carcinogenicity 

Mice 

Groups of 50 male and 50 female B6C3Fj mice were given drinking-water containing sodium nitrite at a 

concentration of 0, 750, 1500 or 3000 mg/1, equal to average daily doses of 60, 120 and 220 mg/kg bw 
for males and 45, 90 and 160 mg/kg bw for females, for 2 years. The survival rate of the treated groups 
was similar to that of the controls. The mean body weights of females at the highest dose were lower 
than those of controls throughout the study, and the treated groups generally consumed less water than 
the control groups. The incidences of squamous-cell papilloma and carcinoma (combined) in the 
forestomach of female mice showed a positive trend. The incidence of hyperplasia of the glandular 
epithelium was significantly greater in males at the highest dose than in controls. There was thus 
equivocal evidence of carcinogenic activity on the basis of the positive trend in the incidence of 
squamous-cell papilloma and carcinoma (combined) of the forestomach (National Toxicology Program, 
2001). 

Rats 

The effects of long-term administration of powdered fish meal with sodium nitrite were studied in six 
groups of 50 Fischer 344 rats of each sex. The first three groups were fed diets supplemented with 8% 
(basal diet), 32% or 64% fish meal and given drinking-water containing 0.12% sodium nitrite. The other 
three groups were given the same concentrations of fish meal and tap water. At week 104, all surviving 
animals were killed and examined histologically. 

Treatment with fish meal increased the incidence and multiplicity of atypical tubules, adenomas and 
renal-cell carcinomas in male rats in a dose-dependent manner. Females were less susceptible than 
males to renal tumour induction. The incidence and multiplicity of atypical tubules were also 
significantly increased in males given 64% fish meal as compared with those given 8% fish meal. 
Nephropathy occurred in a clearly dose-dependent manner in groups given fish meal, irrespective of the 
sodium nitrite concentration, and was more frequent in males than in females. N-Nitrosodimethylamine 
(NDMA) was found in the stomach contents after 4 weeks of treatment with 64% fish meal plus 0.1 2% 



sodium nitrite, at a level twice that in the group given 8% fish meal plus 0.12% sodium nitrite. Thus, 
concurrent administration offish meal and sodium nitrite induced renal epithelial tumours. The high 
intake of protein should be noted (Furukawa et al., 2000). 

Groups of 50 male and 50 female Fischer 344/N rats were given drinking-water containing sodium 
nitrite at a concentration of 0, 750, 1500 or 3000 mg/ 1, equal to average daily doses of 35, 70 and 130 
mg/kg bw for males and 40, 80 and 150 mg/kg bw for females, for 2 years. In studies of the 
toxicokinetics of plasma nitrite and blood haemoglobin, 10 male and 10 females were given the same 
concentrations for 12 months. 

The survival of treated groups was similar to that of controls. The mean body weights of males and 
females at the highest dose were lower than those of controls throughout the study. Males and females at 
this dose drank less water than controls throughout the study, and the water consumption of the other 
treated group was generally lower only after week 14. The incidences of hyperplasia of the forestomach 
epithelium in males and females at the highest dose were significantly higher than in controls. The 
incidence of fibroadenoma of the mammary gland was significantly increased in females at the 
intermediate dose, and the incidences of multiple fibroadenoma were increased in females at the two 
lower doses; however, these neoplasms occur at a high background incidence, and no increase was seen 
at the highest dose. The incidences of mononuclear-cell leukaemia were significantly decreased in males 
and females at 80 or 150 mg/kg bw per day. Under the conditions of this study, there was no evidence of 
carcinogenicity (National Toxicology Program, 2001). 

2.2.3 Reproductive toxicity 

Mice 

Sodium nitrite was tested for its effects on reproduction and fertility in Swiss CD-I mice. Data on food 
and water intake, body weight and clinical signs in a dose range-finding study were used to select 
concentrations of 0.06%, 0.12% and 0.24% (w/v) in drinking-water for the continuous cohabitation 
phase. Water consumption was reduced by 10-17% in the group given the highest concentration of 
sodium nitrite, although the body weights of the F Q generation during the cohabitation phase were not 

reduced. The data on body weight and water consumption allowed calculation of daily nitrite 
consumption, which was 120, 260 and 420 mg/kg at the low, intermediate and high doses, respectively. 
Nine animals died during this phase, comprising three at 0.06%, four at 0.12%, none at 0.24% and one 
control. There was no-treatment-related reduction in the mean number of litters per pair, the number of 
pups per litter or the viability or weight of the pups. The days to delivery of each litter were not affected. 
Each dam was allowed to nurse the last litter from the cohabitation phase until weaning. While mortality 
during nursing was not increased by treatment with nitrite, pup body-weight gain was reduced in the 
group at the highest dose on postnatal days 7-21 by 12-17%. This effect may have been due to reduced 
maternal water intake, with consequent lower milk production. 

As no effects on reproduction were noted during this phase, only the controls and mice at the highest 
dose were retained after weaning and examined for potential reproductive toxicity. Water consumption 
was measured several times during this part of the study and was found to be reduced by 8%. The body 
weights of Fj mice at the beginning of the week of mating were similar in all groups. The fertility and 

reproductive success of Fj mice during the last phase were not affected by treatment, and there was no 

change in the ability of mice to mate, become pregnant or deliver live young. The number, weight and 
viability of the young were not reduced by treatment. After delivery and analysis of the F 2 pups, the Fj 

mice were killed and necropsied. The terminal body weights of treated and exposed mice did not differ, 



and there were no treatment-related changes in the weight of any organ. The length and pattern of the 
estrous cycle were unchanged during the 12 days of evaluation, and the motility, concentration and 
morphology of epididymal sperm were also unchanged. Histologically, the liver and kidneys of the mice 
at 0.24% nitrite and the control mice were similar. Thus, sodium nitrite had no adverse effect on 
reproduction or reproductive performance at necropsy in mice treated at doses up to 420 mg/kg bw, 
which was the NOEL for reproductive toxicity (Chapin et al., 1997). 

2.2.4 Genotoxicity 

Sodium nitrite was mutagenic in Salmonella typhimurium strain TA100, with and without Aroclor 1254- 
induced hamster and rat liver enzymes; no mutagenicity was observed in strain TA98. Intraperitoneal 
injection of sodium nitrite to male mice and rats did not induce micronucleus formation in bone marrow, 
and a test for micronuclei in peripheral blood from mice in the 14- week study described above also gave 
negative results (National Toxicology Program, 2001). 

2.2.5 Special studies 

(a) Effects on the immune system 

A pronounced decline in the percentage of CD4 + T lymphocytes was found in mesenteric lymph nodes 
from groups of four B6C3Fj mice infected with Trichinella spiralis and given nitrite for 10 or 25 days. 

Less pronounced differences were observed in the percentage of CD8 + T lymphocytes in both 
mesenteric lymph nodes and Peyer patches. Infection with T. spiralis alone induced a pronounced 

decline in CD4 + T lymphocytes in mesenteric lymph nodes, whereas the percentage of CD8 4 " T 
lymphocytes remained at the level of controls. Treatment with sodium nitrite alone caused a clear 

increase in the percentage of CD8 + cells as compared with untreated, uninfected controls. The latter 
effect may result in a depressed immune response, causing more severe T. spiralis infections in sodium 
nitrite-treated mice (Bany et al., 1995). 

(b) Effects on the vascular system and adrenals 

Studies of blood pressure and the role of the adrenals in the mode of action of nitrite in hypertrophy of 
the adrenal zona glomerulosa have been reviewed. Nitrite and organic nitrates have vasodilating 
properties (Nickerson, 1975), and dilatation and thinning of the intramuscular coronary blood vessels 
were seen in rats given drinking-water containing sodium nitrite at concentrations of 100-300 mg/1 for 
2 years (Shuval & Gruener, 1972). A fatal fall in blood pressure after nitrate poisoning was reported in 
cows given nitrate (Dinkla, 1976); as nitrate is efficiently converted to nitrite in ruminants, the fall in 
blood pressure was probably due to nitrite rather than to the ingested nitrate. 

The effects of physiological amounts of nitrite on generation of nitric oxide and relaxation of rat aorta 
were studied in vitro with the pH reduced to that found in tissues during hypoxia or ischaemia. The 
relaxing effect of nitrite was greater in an acidic buffer solution (pH 6.6) than at neutral pH; the EC 5Q for 

nitrite was reduced from 200 to 40 |umol/l. Nitrite-evoked relaxation was effectively prevented by co- 
administration of an inhibitor of soluble guanylyl cyclase and was further potentiated by addition of 
ascorbic acid. Nitric oxide was generated from nitrite for 1 1 days in a pH-dependent manner, with even 
larger amounts seen after addition of ascorbic acid, and was correlated to the degree of relaxation of rat 
aorta (Modin et al., 200 1 ) 

The effect of sodium nitrite on blood pressure was investigated to test the hypothesis that nitrite induces 



hypertrophy of adrenal zona glomerulosa by reducing the blood pressure and stimulating the renin- 
angiotensin axis. Blood pressure was evaluated with a radiotelemetry system in conscious, freely 
moving animals. Two male Wistar rats (weighing 350 and 375 g) were maintained on a 12-h light-dark 
cycle for 1 1 days, and systolic and diastolic blood pressure and heart rate were measured every 5 min; 
mean arterial pressure was calculated. Potassium nitrite decreased the mean arterial pressure and 
increased the heart rate. Potassium chloride had no effect. A previous study in anaesthetized rats showed 
rapid conversion of plasma nitrite into nitrate (Vleeming et ah, 1995a,b). As intravenouis administration 
of sodium nitrate at a concentration of 100 ^mol/kg bw over 5 min did not decrease the mean arterial 
pressure, it was concluded that nitrite is responsible for hypotension and therefore for activation of the 
renin-angiotensin axis (Vleeming et al., 1996). 

In order to test the hypothesis that the relatively low blood pressure of vegetarians is due partly to a high 
dietary load of nitrate, which is reduced to nitrite and finally to nitric oxide, spontaneously hypertensive 
rats received drinking-water containing nitrite at a concentration of 0, 25, 50 or 100 mmol/1 for 56 days. 
Food was offered ad libitum or was restricted by 20% (pair-feeding) to simulate the lower energy 
consumption of vegetarians. Blood pressure, which was monitored at regular intervals, was lowered in a 
dose-dependent manner by nitrite. The effect was reversible and was not enhanced by energy restriction. 
In volunteers, the plasma nitrate concentration increased by a factor of 8-32 after ingestion of a nitrate- 
rich meal, and the mean methaemoglobin concentration increased from 1.2% to 2.4%, indicating 
endogenous formation of nitrite under these conditions (Beier et al, 1995). 

To investigate whether long-term administration of nitrite lowers the blood pressure of spontaneously 
hypertensive rats and prevents secondary lesions induced in organs by hypertension, 96 of these rats 
received drinking-water containing sodium nitrite at concentrations of 50-75 mmol/1 or equimolar 
amounts of sodium bicarbonate for 4, 8 or 12 months. At each time, arterial blood pressure (determined 
by the tail-cuff method) was significantly lower in the group receiving sodium nitrite than in the 
controls, indicating that no significant tolerance towards nitrite had developed. There was also a 
tendency to reduced cardiac hypertrophy and renal atrophy in this group, which was not statistically 
significant. Drinking-water containing sodium nitrite at 75 mmol/1 was not well tolerated by young rats 
(Haasetal., 1999) 

Intravenous administration of nitrite to anaesthetized rats induced an immediate, dose-dependent 
decrease in blood pressure, which preceded an increase in methaemoglobin concentration, suggesting 
that hypotension is the primary effect of nitrite. A single dose of 30 |amol/kg bw caused a 10-20% 
decrease in blood pressure. Rats drink about 50 ml/kg bw of water each day. If the drinking-water 
contains nitrite at 36 mmol/1, the total daily dose will therefore be 1800 [imol/kg bw. Thus, assuming 
100% bioavailability, 1/60 of the total daily consumption was able to decrease the blood pressure by 10- 
20%. As the blood pressure had returned to normal within 30 min, continuous monitoring is necessary to 
detect the effect of nitrite on blood pressure. Recording of blood pressure and heart rate by means of a 
telemetry device in a freely moving rat given drinking-water containing potassium nitrite at a 
concentration of 36 mmol/1 (equivalent to 500 mg/kg bw) revealed transient hypotension (Vleeming et 
al., 1997). 

Morphometry and histology of the adrenals of 10 Wistar rats of each sex given drinking-water 
containing potassium nitrite at a concentration of 3.6, 12 or 36 mmol/1 showed slight hypertrophy of the 
zona glomerulosa after 28 days, which persisted unchanged throughout the 90-day treatment but 
disappeared slowly after cessation of treatment. Slight focal and slight diffuse hypertrophy were still 
present after a 30-day recovery period but had disappeared by 60 days. Enlargement of the zona 
glomerulosa was not seen by morphometry in rats at the two lower doses, but histological examination 
showed that the adrenals of eight rats at 12 mmol/I and three at 3.6 mmol/1 were minimally hypertrophic. 
This effect was dose-related; no NOEL could be identified. Nitrite is readily converted to nitrate, the 



plasma half-life of nitrite in various species being estimated as < 30 min, while the half-life of nitrate 
ranges from 4 h (sheep and horses) to 44 h (dogs), suggesting that nitrate plays a role in the causation of 
hypertrophy of the adrenal zona glomerulosa. However, no hypertrophy was observed by means of 
morphometry in rats given drinking-water containing a concentration of 36 mmol/1 for 90 days, and 
histological examination revealed minimal hypertrophy in only two of 10 rats. Thus, the hypertrophy 
must be attributed to nitrite ion alone. 

The adrenals regulate blood pressure via the renin-angiotensin-aldosterone axis. When blood pressure 
decreases, baroreceptors in the juxtaglomerular apparatus in the kidneys stimulate release of renin. 
Renin catalyses the conversion of angiotensinogen to angiotensin I, which in turn is converted to 
angiotensin II by a converting enzyme. Angiotensin II effectively contributes to restoration of normal 
blood pressure by its vasoconstrictive effect on blood vessels and by stimulating the release of 
aldosterone from the zona glomerulosa of the adrenals. Aldosterone enhances the reabsorption of 
sodium in the renal tubules, leading to expansion of the extracellular volume. This rise in blood volume 
also causes an increase in blood pressure. As described above, administration of nitrite to rats in the 
drinking-water caused repeated falls in blood pressure, thus repeatedly activating the renin-angiotensin- 
aldosterone-axis, which may have caused hypertrophy of the adrenal zona glomerulosa. To investigate 
this suggestion further, a limited number of rats were given ramipril, an inhibitor of angiotensin- 
converting enzyme, in their diet concurrently with nitrite. No hypertrophy of the zona glomerulosa 
occurred, strongly suggesting that slight hypertrophy of the adrenal zona glomerulosa represents a 
physiological adaptation to repeated episodes of hypotension caused by nitrite (Boink et al., 1998). 

(c) Effects on tumour induction 

A number of studies have addressed the effect of administration of 0.2-0.3% sodium nitrite on the 
incidence of forestomach tumours induced in rats by well-known carcinogens (N-methyl-N'-nitro-N- 
nitrosoguanidine, phenolic compounds, catechol, 3 -methoxy catechol and butylated hydroxyanisole). 
These concentrations of nitrite, equivalent to 200-300 mg/kg bw, enhanced the incidence of 
forestomach tumours induced by the carcinogens. Lower doses were not examined. As forestomach 
tumours are of limited relevance for humans, however, these findings have no impact on the safety 
assessment of nitrite in food (Hirose et al., 1993; Kawabe et al., 1994; Yoshida et al., 1994; Miyauchi et 
al, 2002). In a recent study of the effect of 0.2% sodium nitrite (equivalent to 200 mg/kg bw) on the 
incidence and volume of mammary tumours in rats induced by 2-amino-l-methyl-6-phenylimidazol[4,5- 
bjpyridine, the nitrite did not affect the incidence of mammary tumours but appeared to reduce their 
volume. This finding at a relatively high dose has no implications for the safety assessment of nitrite in 
food (Hirose et al., 2002). 

2.3 Observations in humans 

2.3.1 Effects on blood pressure and blood flow 

To determine the relative contributions of endothelial nitric oxide and intravascular nitrogen oxide 
species in the regulation of blood flow, simultaneous measurements were made of forearm blood flow 
and arterial and venous concentrations of plasma nitrite, low-molecular-mass S-nitrosothiols, high- 
molecular-mass S-nitrosothiols and erythrocyte S-nitrosohaemoglobin. Measurements were made at rest 
and during regional inhibition of nitric oxide synthesis, followed by forearm exercise. Unexpectedly, 
significant gradients in circulating arterial-venous plasma nitrite, representing a novel delivery source 
for intravascular nitric oxide, were observed. Further support for the notion that circulating nitrite is 
bioactive was provided by the finding that use of nitrite increased significantly with exercise during 
inhibition of regional endothelial synthesis of nitric oxide. It was concluded that circulating nitrite is 



bioactive and provides a gradient for delivery of intravascular nitric oxide (Gladwin et al., 2000). 
2.3.2 Epidemiological studies 

Epidemiological studies can be ranked in increasing order, from ecological (or correlation) studies to 
cross-sectional studies, case-control studies, cohort studies and intervention trials. This classification of 
epidemiological study designs with respect to their potential for bias and, consequently, the strength of 
evidence they provide and the costs involved has been described in detail (e.g. van den Brandt et al., 
2002). Intervention trials provide the strongest evidence for a causal relationship with risk and (because 
of the possibility to control for confounding and bias) have the least possible bias; however, they are 
usually the least feasible and the most expensive. Less expensive cohort studies allow assessment of 
exposure and selection of study participants before the health outcome of interest occurs and thus 
provide relatively strong evidence. Although the less expensive case-control studies generally involve 
assessment of exposure retrospectively in subjects with and without the health outcome, the resulting 
evidence is more debatable. This is particularly so in the case of dietary intake, because of the possibility 
of selection bias, recall bias and/or bias due to the presence of disease. Cross-sectional studies suffer 
from the additional problem that exposure and disease are measured at the same time, making it 
impossible to draw conclusions about cause and effect. Correlation studies cost the least, but they 
provide weak evidence and are much more susceptible to bias. In addition to the problem of 
extrapolating the data to the individual level (as the units of measurement are population groups), most 
such studies include limited data on exposure, rely on mortality (rather than incidence) rates and often 
do not include consideration of the induction period. Some investigators have stated that observational 
studies cannot, by definition, establish the causality of a relationship on the basis of a statistical 
association. However, when several studies of high quality, such as those in which the biases are shown 
to be minimal, are available and these consistently show a dose-response relationship, observational 
studies may well contribute to conclusions about causality. The power of observational epidemiological 
studies was established 50 years ago, when such studies revealed that smoking caused lung cancer. 

(a) Cross-sectional studies 

The concentration of nitrite in gastric juice and of several JV-nitroso compounds and other analytes in 
urine were measured in nearly 600 residents of an area of Shading, China, where precancerous gastric 
lesions are common and the rates of stomach cancer are among the world's highest. The concentration 
of nitrite in gastric juice was considerably higher in people with pH values for gastric juice > 2.4 than in 
those with values < 2.4, and nitrite was detected more often and at higher concentrations in people with 
late- stage gastric lesions, especially when the gastric pH was high. Of patients with intestinal 
metaplasia, 18% had detectable gastric nitrite, whereas only 7.2% of people with less advanced lesions 
had this analyte. The odds ratio (OR) for intestinal metaplasia in people with detectable nitrite relative to 
those with undetectable nitrite increased from 1.5 (95% confidence interval [CI], 0.6-^1.1) to 4.1 (95% 
CI, 1.8-9.3) for people with low and high nitrite concentrations, respectively. Urinary acetaldehyde and 
formaldehyde concentrations also tended to be higher among patients with more advanced disease, 
particularly dysplasia. However, the urinary excretion of total JV-nitroso compounds and several 
nitroamino acids was similar among patients with chronic atrophic gastritis and intestinal metaplasia and 
dysplasia, as was reported by the authors to have been found in recent studies in Colombia, France and 
the United Kingdom. The results for this high-risk population suggested that elevated concentrations of 
gastric nitrite, especially in a high pH milieu, were associated with advanced precancerous gastric 
lesions, although specific N-nitroso compounds were not implicated (Y ou et al., 1996). This cross- 
sectional study is of limited value, as cause and effect are confusingly mixed. 

The possible role of iV-nitroso compounds in the induction of upper aerodigestive tract tumours was 
considered in a case-control study conducted in the Valle d' Aosta, an Italian region with a high 



incidence of these neoplasms. Nitrate, nitrite and labile and stable JV-nitroso compounds were analysed 
in the saliva of 36 patients with these cancers and 23 healthy individuals. After allowing for tobacco use, 
the presence of nitrate, nitrite and 7V-nitroso compounds in saliva was not associated with an increased 
risk for upper aerodigestive tract cancers. The OR for continuous units of total N-nitroso compounds 
was 0.99 (95% CI, 0.9-1.1). Thus, salivary nitrate, nitrite and 7V-nitroso compounds might not be 
suitable markers for assessing the risk for cancers at these sites, although a role for 7V-nitroso compounds 
could not be excluded (Airoldi et al., 1997). 

The excretion of nitrate, nitrite, apparent total 7V-nitroso compounds and volatile nitrosamines was 
measured in 24-h urine from 61 Egyptians, divided into four groups: controls, Schistosoma 
haemotobium-infected patients and bladder cancer patients with and without a history of schistosomal 
infection. The urinary concentration of nitrate in S. haemotobium-infected patients was significantly 
higher than in the other three groups. The concentration of nitrite was below the limit of detection of the 
method (< 0.015 jig/mg creatinine) in all but one of the control samples. S. haemotobium infection 
significantly increased urinary nitrite to 0.9 ±1.16 ^ig/mg creatinine (mean ± SD, p = 0.001), and the 
concentration of nitrite in both groups of patients with bladder cancer was about 20 times that in S. 
haemotobium-infected patients without bladder cancer. Excretion of apparent total 7V-nitroso compounds 
paralleled that of nitrite, and, overall, a good correlation was observed between these two variables (r = 
0.71, p = 0.0001). NDMA was present in all the samples analysed, and S. haemotobium infection 
significantly increased the urinary concentration over that of controls (4.0 ±1.6 and 2.0 ±3.0 ng/mg 
creatinine, respectively; p = 0.01). Among the cancer patients, the concentration of NDMA was higher 
than that in controls only in those with schistomal infection. The presence of N-nitroso compounds, 
including NDMA, in the urine of S haemotobium-infected patients both before and after the 
development of cancer and the observation that these compounds also occur in bladder cancer patients 
with no history of schistosomal infection suggest that these compounds might have a role not only in 
initiation of the carcinogenic process but also in its progression (Mohsen et al., 1999). As endogenous 
nitric oxide production can also result from schistosomiosis, cause and effect can be reversed. 

A study was conducted in Egypt, an area with high environmental levels of nitrosating agents, to 
investigate whether salivary nitrate and nitrite and the activity of nitrate reductase in saliva affect the 
risk for oral cancer. The concentrations of salivary nitrite (8.3 ± 1.0 ^g/ml) and nitrate (44 ± 3.7 (xg/ml) 
and the activity of nitrate reductase (74 ± 10 nmol/ml per min) were significantly (p < 0.05) higher in 42 
oral cancer patients than in 40 healthy individuals (nitrite, 5.3 ± 0.3 ^ig/ml; nitrate, 27 ± 1.2 |ig/ml; 
nitrate reductase activity, 46 ± 4 nmol/ml per min). The adjusted ORs and the 95% confidence intervals 
for oral cancer, categorized by the values for salivary nitrate and nitrite and nitrate reductase activity, 
showed a risk associated with a nitrite concentration > 7.5 ng/ml (OR, 3.0; 95% CI, 1.0-9.3), a nitrate 
concentration > 40 |xg/ml (OR, 4.3; 95% CI, 1.4-13.3) and nitrate reductase activity > 50 nmol/ml per 
min (OR, 2.9; 95% CI, 1.1-7.4). The findings suggest that increased dietary intake of nitrate and nitrite 
is associated with elevated levels of salivary nitrite. Together with the increased activity of salivary 
nitrate reductase, these observations may explain, at least in part, the role of nitrate and nitrite in the 
development of oral cancer in individuals in areas with a high burden of 7V-nitroso precursors (Badawi et 
al, 1998). 

(b) Case-control studies 

A case-control study on gastric cancer and diet conducted in Marseille (France) included 92 patients 
with histologically confirmed adenocarcinoma and 128 controls undergoing functional reduction for 
injuries or trauma. The participants were interviewed by a trained dietician who administered a 
questionnaire about usual diet during the year preceding the first symptoms for cases or preceding the 
interview for controls. The intakes of nitrite, nitrite and pre-formed NDMA from food were estimated 
from a food composition table compiled ad hoc. Odds ratios were calculated after adjustment for age, 



sex, occupation and calorie intake. A high intake of preformed NDMA was associated with an increased 
risk for gastric cancer, the ORs for the second and third textile of NDMA intake being: OR^ = 4.1 (95% 

CI, 0.93-18) and OR 3 = 7.0 (95% Cl 5 1.8-26). Intake of nitrate and nitrite was not associated with an 

increased risk for stomach cancer. Consumption of vegetables was protective in general, independently 
of their estimated nitrate content (Pobel et al., 1995). 

A study was conducted to investigate whether consumption of foods and beverages containing 
nitrosamines, nitrite and nitrates affects the risks for laryngeal, oesophageal and oral cancer. In a 
population-based case-control study in western Washington State, USA, dietary consumption of these 
substances was measured for 645 cases (169 laryngeal, 125 oesophageal and 351 oral cancer ) and 458 
controls. After adjustment for tobacco and alcohol use and other known risk factors, the risk for upper 
aerodigestive tract cancer was found to be 52% lower in persons who consumed larger amounts of 
nitrate (upper tertile) as compared with the lowest tertile (p < 0.001 for trend). Nitrate intake was 
associated with a reduction in the risk for cancers at all three sites. The reduction in risk for oesophageal 
cancer with increasing nitrate consumption was more evident in frequent tea drinkers than in other 
persons. The ORs for oesophageal cancer per category of nitrite intake were: 1.0 (reference) for < 1.1 
mg/day, 1.2 for intakes between 1.1 and 1.6 mg/day and 1.6 (95% CI, 0.73-3.4) for intakes > 1.6 
mg/day (p for trend = 0.20). There was no significant association between nitrite consumption and the 
risk for laryngeal or oral cancer; however, for individuals with a history of canker sores (an indicator of 
possible endogenous nitrosation), the risk for oesophageal cancer was seven times greater in those with a 
high nitrite intake than in those with a low intake. Consumption of foods with high concentrations of 
NDMA was associated with a 79% increase in the risk for upper aerodigestive tract cancer (p = 0.037 
for trend). Daily consumption of beer and of nitrite-containing meats was associated with increased risks 
for oesophageal cancer (OR, 2.5 and 1.8, respectively). The OR for cancer of the oral cavity was also 
increased for people who drank beer daily (OR, 1.8). Persons who consumed large amounts of ascorbic 
acid from foods and from supplements were less likely to develop upper areodigestive tract cancer than 
were individuals with lower ascorbic acid intake (p for trend = 0.003) (Rogers et al., 1995). 

Many cases of lower urinary tract cancer cannot be attributed to known risk factors, such as cigarette 
smoking and certain occupational exposures to chemicals. Data from a case-control study conducted on 
Oahu, Hawaii, between 1979 and 1986 were used to examine the role of other factors, such as total fluid 
intake and dietary intake of nitrites, nitrosamines and selected foods. A total of 195 male and 66 female 
patients of white and Japanese ancestry with lower urinary tract cancer were matched to two population- 
based controls on age, sex and race. Total fluid intake, and that of tap water in particular, showed an 
inverse dose-response relationship with cancer risk among women (OR for highest relative to lowest 
quartile of total fluid intake = 0.3; p for trend < 0.01). This association was stronger among smokers 
than nonsmokers. Although fluid intake showed no overall association among men, the findings for 
smokers suggested an effect similar to that found in women. Current intake of dietary nitrites and 
nitrosamines was positively associated with risk in Japanese men (for nitrites, OR for highest relative to 
lowest tertile = 2.0; p for trend = 0.05; for nitrosamines, OR for highest tertile relative to lowest tertile = 
3.0; p for trend = 0.01). Consumption of processed meats, in particular bacon, sausage and ham, was 
also significantly associated with increased risk only in Japanese men, although associations with 
consumption of sausage in Japanese women and of bacon in white women were suggested. 
Unfortunately, it was not possible to determine whether these elevated risks were due to the fat, nitrite or 
sodium content of the processed meats or to their having been fried (Wilkens et al., 1996). 

A case-control study conducted in northern Italy on 746 cases of histologically confirmed gastric cancer 
and 2053 controls who had been admitted to hospital for acute non-neoplastic, non-digestive-tract 
disorders addressed the interaction between gastric cancer and the intake of methionine, salt and nitrite. 
In relation to people with low methionine (< 1500 mg/day) and low salt intake (not defined), the ORs 



were 2.4 (95% CI, 1.5^.0) for patients with low salt and high methionine intake (> 1900 mg/day), 1.5 
(95% CI, 1.0-2.2) for patients with high salt and low methionine intake and 2.8 (95% CI, 1.9-4.2) for 
patients with high salt and high methionine intake. Likewise, in relation to people with low methionine 
and low nitrite intake (< 2.7 mg/day), the ORs were 1.9 (95% CI, 1.3-2.6) for high methionine and low 
nitrite, 1.5 (95% CI, 2.1) for low methionine and high nitrite (> 2.7 mg/day) and 2.5 (95% CI, 1.9-3.2) 
for high methionine and high nitrite intake. All these estimates were statistically significant. Thus, the 
findings from this large-scale case-control study conducted in a relatively high-incidence area for 
gastric cancer suggest that a diet rich in methionine, salt and nitrite is associated with an increased risk 
for gastric cancer (La Vecchia et al., 1997). 

Studies of nasopharyngeal carcinoma have associated elevated risks with higher consumption of salted 
fish and preserved foods, particularly during childhood. Although these foods can contain high 
concentrations of nitrosamines, exposure to these compounds was not measured directly in most studies. 
In a case-control study conducted in Taiwan (China) to evaluate dietary intake and risk for 
nasopharyngeal carcinoma, interviews were conducted with a food-frequency questionnaire 
administered to 375 patients (99% response rate) and 327 controls (88% response rate) about their diet at 
age 10 and as an adult. The mothers of 96 cases and 120 controls were interviewed about their own diet 
during breastfeeding and the diets of their children during weaning, at the age of 3 and up to the age of 
10. Concentrations of nitrosamines and nitrite were assigned to 66 foods on the basis of published 
values. Intake of nitrosamines and nitrite as an adult was not associated with an increased risk for 
nasopharyngeal carcinoma, but high intakes of nitrosamines and nitrite from foods other than soya bean 
products during childhood and weaning were associated with increased risks. The adjusted ORs for the 
highest quartile were 2.2 (95% CI, 0.8-5.6) for children aged 10, 2.6 (95% CI, 1.0-7.0) for children 
aged 3 and 3.9 (95% CI, 1.4-10) for the weaning diet. The intakes of nitrite and nitrosamines from soya 
bean products during childhood and weaning were inversely associated with risk, perhaps because soya 
beans contain known inhibitors of nitrosation. The results suggest that intake of nitrosamines and nitrite 
during childhood plays a role in the development of nasopharyngal carcinoma (Ward et al., 2000). The 
validity of the recall of childhood diets is uncertain, however. 

In view of the rapidly rising incidence rates of adenocarcinoma of the oesophagus and gastric cardia in 
the USA, nutrient intake was studied as a risk factor for these cancers in a population-based case-control 
study in Connecticut, New Jersey and western Washington State. Interviews were conducted with 282 
patients with histologically confirmed oesophageal adenocarcinoma, 255 with adenocarcinoma of the 
gastric cardia, 206 with oesophageal squamous-cell carcinoma, 352 with gastric adenocarcinoma other 
than in the cardia and 687 population controls. Associations between nutrient intake and risk for cancer 
were estimated as adjusted ORs, with a comparison of the 75th and 25th percentiles of intake. The 
nutrients that were significantly inversely associated with the risks for all four tumour types were fibre, 
6eta-carotene, folate and vitamins C and B6. In contrast, dietary cholesterol, animal protein and vitamin 
B12 were significantly positively associated with risk for all four tumour types. Dietary fat was 
significantly associated with the risk for oesophageal adenocarcinoma only (OR, 2.2; 95% CI, 1.3-3.8), 
and dietary nitrite was associated only with non-cardia gastric cancer (OR, 1.6; 95% CI, 1.3-2.2). Use of 
vitamin C supplements was associated with a significantly lower risk for non-cardia gastric cancer (OR, 
0.60; 95% CI, 0.41-0.88). Higher intake of nutrients found primarily in plant-based foods was 
associated with reduced risks for adenocarcinomas of the oesophagus and gastric cardia, whereas higher 
intake of nutrients found primarily in foods of animal origin was associated with increased risks (Mayne 
etal.,2001). 

A study of risk factors for childhood brain tumours was conducted to investigate the association between 
source of residential drinking-water during pregnancy and the occurrence of brain tumours among 
offspring. Dipstick measurements were made of nitrates and nitrites in tap water in the houses of a 
subset of women who were living in the same house in which they had lived during their pregnancy. A 



total of 540 patients with childhood brain tumours and 801 controls were identified in Los Angeles 
County and the San Francisco Bay Area of California and western Washington State, USA. Overall, no 
increased risk for childhood brain tumours was found in offspring of women for whom wells were the 
source of water; however, an increased risk (OR, 2.6; 95% CI, 1.3-5.2] was observed among offspring 
of women in Washington State and a decreased risk (OR, 0.2; 95% CI, 0.1-0.8) among those in Los 
Angeles County who relied exclusively on well water. Among the small subset of participants for whom 
dipstick measurements of tap water were available, the risk for childhood brain tumours associated with 
the presence of measurable nitrite and/or nitrate was 1.1 (95% CI, 0.7-2.0). Given the crude 
measurement method used and the fact that measures were often obtained years after the pregnancy, the 
relevance of the dipstick findings is unclear. The lack of consistency in the findings for residential water 
source does not support the hypothesis of an increased risk with consumption of well water; however, 
regional differences in the well water content of nitrite may exist, and the increased risk observed in 
western Washington State deserves further evaluation (Mueller et al., 2001). 

Although brain tumours are the main cause of death from childhood cancers, the causes of most of these 
tumours remain obscure. Few chemicals cause brain tumours experimentally after systemic 
administration of low doses; a notable exception is one group of N-nitroso compounds, the nitrosamides 
(in particular the nitrosoureas). Thus, feeding pregnant animals nitrosamide precursors (e.g. sodium 
nitrite and an alkylamide such as ethylurea) causes a high incidence of nervous system tumours in the 
offspring. A population-based epidemiological study was therefore designed to test the hypothesis that 
maternal consumption during pregnancy of meats cured with sodium nitrite increases the risk for brain 
tumours in their offspring. Intake of vitamins C and E inhibits endogenous formation of N-nitroso 
compounds and was expected to be protective. The mothers of 540 children under the age of 20 during 
1984—91 in whom a primary brain tumour was diagnosed at that time and 801 control children in the 
same 19 counties on the west coast of the USA were interviewed. The risk increased with increasing 
frequency of eating processed meats (OR, 2.1 for consumption at least twice a day compared with no 
consumption; 95% CI, 1.3-3.2; p = 0.003). The risk also increased with increasing average daily amount 
of cured meats or of nitrite from cured meats (p for each < 0.005) but not with nitrate from vegetables. 
Daily use of vitamins throughout pregnancy decreased the risk (OR, 0.54; 95% CI, 0.39-0.75). The risk 
of mothers who consumed nitrite from cured meat at above the median was higher when vitamins were 
not taken (OR, 2.4; 95% CI, 1.4-3.6) than when they were (OR, 1.3). These effects were seen for each 
of the three major histological types of brain tumour and across social classes, age groups and 
geographical areas. This is the largest study to date of maternal diet and childhood brain tumours and 
suggests that exposure to endogenously formed iV-nitroso compounds during gestation is associated with 
tumour occurrence (Preston-Martin et al., 1996). 

In a study to evaluate the roles of maternal nutrition during gestation and subsequently in the etiology of 
childhood brain tumours, all 300 incident cases of nervous system tumours diagnosed in children under 
18 in Israel between 1984 and 1993 were identified. Two matched population controls per case were 
selected (n = 574). Personal interviews were conducted with a semi-quantified three-step food frequency 
questionnaire. Univariate analysis showed that increased consumption of vegetable fat (p for trend = 
0.01; 95% CI, 1.1-3.2), carbohydrates (p for trend = 0.05; 95% CI, 1.0-5.9) and vitamin E (p for trend = 
0.05; 95% CI, 1.0-3.3) during childhood was significantly associated with risk for brain tumour. No 
associations were found with nitrate, nitrite or vitamin C. A significant positive association with 
potassium consumption during gestation (p for trend = 0.01; 95% CI, 1.1-3.7) was noted. In a 
multivariate analysis, the only persistent associations were with vegetable fat (OR, 1.4; 95% CI, 1.1-1.7) 
in the diet during childhood and potassium intake during gestation (OR, 1.4; 95% CI, 1.0-2.0) (Lubin et 
al, 2000). 



(c) Cohort studies 



The association between intake of nitrate or nitrite and gastric cancer risk was investigated in a 
prospective cohort study begun in 1986 in the Netherlands, of 120 852 men and women aged 55-69 
years. At baseline, data on dietary intake, smoking habits and other covariates were collected by means 
of a self-administered questionnaire. For data analysis, a case-cohort approach was used, in which the 
person-years at risk were estimated for a randomly selected subcohort of 1688 men and 1812 women. 
After 6.3 years of follow-up, 282 microscopically confirmed incident cases of stomach cancer were 
detected, with 219 in men and 63 in women. The rate ratios for gastric cancer with increasing quintiles 
of mean nitrite intake were: 1.0 (intake, 0.01 mg/day), 1.2 (0.04 mg/day), 1.2 (0.09 mg/day), 0.88 
(0.16 mg/day) and 1.4 (0.35 mg/day). The 95% confidence interval for the rate ratio derived by 
contrasting the highest versus the lowest intake quintile was 0.95-2.2. A test for trend in rate ratios 
across quintiles gave a p value of 0.24. The authors concluded that the study did not support a strong 
positive association between nitrite intake and gastric cancer risk (van Loon et al., 1998). 

A cohort study was conducted to investigate the relationship between intake of nitrates, nitrites and 
NDMA and the risk for cancers of the gastrointestinal tract in 9985 adult Finnish men and women who 
were initially free of cancer. During a follow-up period of up to 24 years, 189 gastrointestinal cancer 
cases were diagnosed in the cohort. The intakes of nitrate, nitrite and NDMA were estimated from data 
on food consumption obtained during an interview about the total diet of the participants over the 
previous year. The mean daily intake of nitrates was 77 mg, and that of nitrites was 5.3 mg. Nitrates 
were provided mainly by vegetables (92%), whereas nitrites were derived mainly from cured meats and 
sausages (94%); dietary NDMA was provided by smoked and salted fish (52%) and cured meats and 
sausages (48%). The mean daily intake of NDMA from the diet was 0.052 ^g, and that from beer was 
0.071 jag. A significant positive association was observed between intake of NDMA and subsequent 
occurrence of colorectal cancer, with a relative risk between the highest and lowest quartiles of intake of 
2.1 (95% CI, 1.0-4.3). Of the various sources of 7V-nitroso compounds, smoked and salted fish were 
found to be significantly associated with the risk for colorectal cancer (relative risk, 2.6; 95% CI, 1.2- 
5.5), and intake of cured meat was nonsignificantly associated (relative risk, 1.8; 95 % CI, 0.98-3.5). No 
such association was observed with intake of other fish or other meat. No significant association were 
observed between NDMA intake and cancers of the head and neck or of the stomach or between nitrate 
or nitrite intake and the risk for cancers of the gastrointestinal tract (Dich et al., 1996; Knekt et al., 
1999). 

(d) Intervention trial 

The concentration of salivary nitrite in patients with cancer is twice that in healthy individuals, 
indicating that endogenous nitrite is correlated with cancer occurrence but not necessarily causally. In a 
culture medium modified with vitamin Bj or potassium chlorate, many bacteria found in the human 

body (especially the bowels) nitrified ammonium ion to nitrite ion. Nitrite ions can combine with a 
secondary amine to form nitrosamines, which are carcinogenic. A method for preventing cancer was 
tested in an experiment involving 7392 workers in a Chinese flax textile mill. Persons with a salivary 
concentration of nitrite ion > 10 mg/1 for 3 consecutive days and with symptoms were targets for 
preventive treatment with antibiotics and 'nitrosamine destroyers'. The average cancer incidence rate in 
the control group was 55% higher than in the experimental group over 9 years. The difference between 
the two groups was statistically significant (Huang et al., 1996). Unfortunately, this study is difficult to 
interpret, because there were problems with follow-up, no standardization for age seems to have been 
performed, the rates in the control group changed dramatically over the study period and the incidences 
of cancers potentially related to nitrite intake, such as stomach cancer, were proportionally increased in 
the experimental group. In fact, the experiment addressed not nitrite but antibiotics, vitamin C and other 
'nitrosamine destroyers'. 



2.3.3 Relationship between nitrite intake and oxidant stress in human erythrocytes 

Erythrocytes in vitro took up 0.8 mmol/1 nitrite with a half-time of 1 1 min. Nitrite uptake was sensitive 
to temperature and to the pH and ionic solution of the medium but was not inhibited by a specific anion- 
exchange inhibitor. About 25% of nitrite uptake occurred on the sodium-dependent phosphatase 
transporter and the rest as diffusion of nitrous acid or other species across the plasma membrane. 
Methaemoglobin formation increased in proportion to the intracellular nitrite concentration. Nitrite 
reacted with erythrocyte ascorbate, but ascorbate loading of cells decreased nitrite-induced 
methaemoglobin formation only at high nitrite concentrations. It was concluded that nitrite rapidly 
enters erythrocytes and reacts with oxyhaemoglobin but does not exert a strong oxidant stress on these 
cells (May et al., 2000). 

3. COMMENTS 

The Committee considered a new study of toxicokinetics in human volunteers given sodium nitrite in 
their drinking-water. The maximum plasma nitrite concentrations were observed 15-30 min after 
dosing, and nitrite disappeared rapidly from plasma, with a half-life of approximately 30 min. The 
bioavailability of sodium nitrite was similar and virtually total after low and high oral doses. An 
intravenous dose of sodium nitrite of 290-380 mg per person induced methaemoglobinaemia, with 
maximum percentages of 8.4-12%. After oral administration, the maximum concentration of 
methaemoglobin was reached 0.70 h after dosing. 

Several new studies were available on the acute and short-term toxicity of nitrite in humans, in which 
the severity of methaemoglobinaemia was reported after accidental, high intake of nitrite. Most were 
case reports of poisoning incidents. None of these studies added data that could be used for the safety 
evaluation. 

The Committee considered studies recently completed within the National Toxicology Program in the 
USA. In 14- week studies of the toxicity of sodium nitrite administered in drinking-water to mice at 
doses equal to 0, 90, 190, 340, 750 or 990 mg/kg bw per day and to rats at doses equal to 0, 30, 55, 120, 
200 or 310 mg/kg bw per day, elevated levels of methaemoglobinaemia were observed in rats in all 
treatment groups, but not in mice. The Committee considered a level of methaemoglobin formation of 
up to 5% not to be adverse. The lowest NOEL value was observed in a study in male rats and was equal 
to 55 mg/kg bw per day (37 mg/kg bw per day expressed as nitrite ion) on the basis of reduced sperm 
motility at higher doses. Reduced sperm motility was also seen in mice at higher doses. The results of 
the 2-year carcinogenicity studies with sodium nitrite added to drinking-water of mice and rats at a 
concentration of 750, 1500 or 3000 mg/1 (equal to 45, 90 and 160 mg/kg bw per day in mice and to 35, 
70 and 130 mg/kg bw per day in rats) led to the conclusion that nitrite is not carcinogenic in rats or male 
mice. The authors noted that there was equivocal evidence of carcinogenic activity of sodium nitrite in 
female mice, in view of the positive trend in the incidence of squamous-cell papilloma and carcinoma 
(combined) in the forestomach. As no evidence of genotoxicity in vivo or of cytotoxicity in the 
forestomach was found, the mode of action of sodium nitrite in inducing forestomach neoplasia is 
unclear. 

A study of reproductive toxicity in mice given drinking-water containing sodium nitrite at 
concentrations up to 0.24% w/w (equivalent to 240 mg/kg bw per day) did not reveal adverse effects on 
reproductive performance or on end-points examined at necropsy. 

New studies on genotoxicity were available. Sodium nitrite was mutagenic in a test for reverse mutation 
but did not induce micronucleus formation in the bone marrow or peripheral erythrocytes of mice treated 



in vivo, consistent with previous results. 

A few studies on the endogenous formation of iV-nitroso compounds after intake of nitrite or nitrate and 
of nitrosatable compounds (amines and amides) and the possible association with cancer were available. 
In addition, one long-term study of toxicity and carcinogenicity was reviewed, in which rats were fed 
fishmeal at various concentrations concomitantly with sodium nitrite. Dose-dependent increases in the 
incidences and multiplicity of atypical renal tubules, adenomas and renal-cell carcinomas were found. 
The concentration of iV-nitrosodimethylamine in the stomach contents after 4 weeks of treatment with 
64% fishmeal plus 0.12% sodium nitrite was twice that measured after administration of 8% fishmeal 
plus 0.12% sodium nitrite. However, the diets used in this study were considered to be nutritionally 
inappropriate for the rat: they had a high protein content, resulting in abnormally high renal nitrogen 
clearance. These studies do not provide additional insight for the safety evaluation of nitrite. 

A number of epidemiological studies of the relationship between the intake of nitrite and cancer risk 
have been published since the forty-fourth meeting. At its present meeting, the Committee ranked the 
study designs according to their capacity to provide evidence of a relationship. In the descriptions 
below, relative risk estimates are given for those studies in which levels of intake of nitrite were 
provided. Four of the studies were cross-sectional, involving measurement of nitrite in, e.g., salivary or 
gastric juice in cancer patients and healthy subjects. Because cross-sectional studies do not take into 
account the time between exposure and disease, any observed differences in biomarkers of exposure 
might also be a consequence of the disease; therefore, these studies cannot contribute to a causal 
interpretation of the results of studies of nitrite and cancer risk. 

Nine (longitudinal) case-control studies on previous nitrite intake and various cancer types were 
reviewed. For oral and laryngeal cancer, no association was found with nitrite intake. One study 
conducted in the USA reported a positive association with oesophageal cancer, with ORs of 1.0 
(reference category), 1.2 and 1.6 for persons with a daily nitrite intake of < 1.1 mg, 1.1-1.6 mg and > 1.6 
mg, respectively. The ORs and the trend across ORs were not statistically significant, however. The 
association between nitrite intake and oesophageal cancer was stronger, and it was significant for 
persons with a history of canker sores. Another study in the USA, however, found no association 
between nitrite intake and oesophageal cancer, nor with the subtypes adenocarcinoma and squamous- 
cell carcinoma; a positive association was found only with gastric cancer other than of the cardia. A 
positive association with gastric cancer was also reported in an Italian case-control study (average 
consumption, 2.4 mg/day), while no association was found in a French study (average consumption, 1.9 
mg/day). 

An association of borderline significance was found between nitrite intake and urinary bladder cancer in 
men but not women of Japanese descent, nor in whites of either sex, in Hawaii, USA. Although a 
positive association was reported from a study in the USA between brain tumours in children and their 
mothers' consumption of processed meat, no association was found with nitrite intake during gestation 
or in childhood in a recent case-control study from Israel. One study on nasopharyngeal cancer among 
Taiwanese reported no association with nitrite intake in adulthood (as reported by cases and controls), 
but a positive association was found with childhood nitrite intake as recalled by the mothers of the cases 
and controls. The validity of recall of remote dietary intake is questionable, however. 

Two prospective cohort studies have been conducted on nitrite intake and cancer risk. A cohort study 
from the Netherlands, with 6 years of follow-up, on dietary nitrite and gastric cancer risk reported 
relative risks of 1.0 (reference category), 1.2, 1.2, 0.9 and 1.4 for increasing mean quintiles of nitrite 
intake of 0.01, 0.04, 0.09, 0.16 and 0.35 mg/day, respectively. Neither the relative risks nor the trend 
was significant. A Finnish cohort study, with 24 years of follow-up, reported no association with the 
incidence of stomach, colorectal, or head-and-neck tumours. The average nitrite intake by this cohort 



was reported to be 5.3 mg/day. 

Thus, some studies indicated increased risks for oesophageal and gastric cancer; however, other studies 
- particularly prospective cohort studies - revealed no such association. The results for brain tumours in 
children and for urinary bladder cancer in adults were equivocal. Wide variation between the studied 
populations in the recorded intake of nitrite was noted. In none of these studies was a possible 
interaction between nitrite and nitrosatable amines evaluated in respect of cancer risk. The results of 
these studies and those of the epidemiological studies considered by the Committee at its forty- fourth 
meeting do not provide evidence that nitrite is carcinogenic to humans. In addition, studies on nitrate 
intake and cancer risk (of relevance because of the conversion of nitrate to nitrite) also did not provide 
evidence of a positive association. 

A 6-week study was performed in young adult and old rats to determine whether older animals are more 
sensitive to the toxic effects of nitrite, particularly with regard to the known effects on the kidney and on 
the functions of some hormones (insulin, thyroxine). No age-related differences were found. The 
hypertrophy of the zona glomerulosa in the adrenals of rats of this strain was seen only at an intake 
equivalent to 50 mg/kg bw per day, expressed as nitrite ion. 

Several studies were available on the mechanism of action of nitrite on the vascular system, blood 
pressure and the adrenals in rats. Doses of 50 mg/kg bw or higher, expressed as nitrite ion, are known to 
lower blood pressure by causing vasodilatation. The Committee calculated that an oral dose equivalent 
to 160 mg/kg bw of nitrate ion induced a reduction in blood pressure of 15-20 mm Hg. 

Administration of nitrite to rats resulted in minimal hypertrophy of the zona glomerulosa of the adrenal 
gland and secretion of aldosterone, which was reversible after 60 days. Inhibition of angiotensin- 
converting enzyme indicated that the effect was produced indirectly via stimulation of the renin- 
angiotensin axis. 

4. EVALUATION 

The Committee concluded that the minimal hypertrophy reflected physiological adaptation to small 
fluctuations in blood pressure and should not be considered a direct toxic action on the adrenals. This 
conclusion implies that the safety evaluation should not be derived from the NOEL for minimal 
hypertrophy of the adrenal zona glomerulosa, used by the Committee at its forty-fourth meeting, but on 
NOELs for other end-points. The NOEL of 5.4 mg/kg bw per day (expressed as nitrite ion) was 
therefore considered to be no longer relevant, as it was based on the indirect effect on the adrenals 
described above. A NOEL of 6.7 mg/kg bw per day was identified in a 2-year study in rats, in which 
effects on the heart and lungs were observed at the next higher dose . 

The Committee established an ADI of 0-0.07 mg/kg bw, expressed as nitrite ion, on the basis of the 
NOEL of 6.7 mg/kg bw per day for effects on the heart and lung in the 2-year study in rats and a safety 
factor of 100. 

Nitrite causes methaemoglobinaemia. As this might occur after a single dose, it would be appropriate to 
establish an acute reference dose for nitrite. The data available for review at the present meeting related 
primarily to its long-term toxicity and were not relevant for establishing an acute reference dose. The 
Committee recommended that the acute toxicity of nitrite be reviewed at a future meeting. 
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With regard to athletes attempting to improve their 
performance, at the present time creatine monohydrate is 
clearly the most widely used dietary supplement or 
ergogenic aid. Loading doses as high as 20 ^d are typical 
among athletes. The majority (> 90%) of the creatine ingested 
is removed from the plasma by the kidney and excreted in 
the urine. Despite relatively few isolated reports of renal 
dysfunction in persons taking creatine, the studies completed 
to date suggest that in normal healthy individuals the kidneys 
are able to excrete creatine, and its end product creatinine, 
in a manner that does not adversely alter renal function. 
This situation would be predicted to be different in persons 
with impaired glomerular filtration or inherent renal disease. 
The question of whether long-term creatine supplementation 
(/e, months to years) has any deleterious affects on renal 
structure or function can not be answered at this time. 
The limited number of studies that have addressed the issue 
of the chronic use of creatine have not seen remarkable 
changes in renal function. However, physicians should be 
aware that the safety of longrterm creatine supplementation, 
in regard to the effects on the kidneys, cannot be guaranteed. 
More information is needed on possible changes in blood 
pressure, protein/albumin excretion, and glomerular filtration 
in athletes who are habitual users of this compound. 



Introduction 

Creatine monohydrate is a widely used ergogenic aid [1] that 
has received extensive media attention over the past few 
years. Prominent athletes such as Mark McGwire, John Elway, 
and Terrell Davis (among many others) have reportedly 
endorsed the use of this dietary supplement [2,3]- High 
school, college, and recreational athletes also use this 
product; total annual consumption has been estimated to 
exceed 2.5 thousand metric tons [4««]. With this widespread 
use of creatine, there has been some concern that this dietary 
supplement may be associated with unwanted side effects. 
For example, the Food and Drug Administration (FDA) has a 



web site [5] where a number of adverse events, ranging from 
muscle cramps to death, have been reported by 
consumers and health care professionals. Importantly, the 
FDA cautions "there is no certainty that a reported adverse 
event can be attributed to a particular product or ingredient." 
In 1997, creatine supplementation was initially linked by the 
media to the deaths of three college wrestlers within a 6-week 
period [6]. This later turned out to be false; the FDA ruled out 
creatine supplementation as a primary cause in the deaths of 
these young athletes [7] . In fact, not one of these athletes was 
taking creatine at the time of his death. Nevertheless, there is 
still concern among clinicians that creatine supplementation 
may cause health-related problems in athletes. This review 
examines the clinical and scientific literature regarding the 
effects of creatine supplementation on kidney function, with 
an emphasis on studies performed in humans. 

Background: Creatine Metabolism 
Creatine is a nonessential dietary element found in meat 
and fish. It is also synthesized within the liver from two 
amino acids. Either way, creatine is taken up within the 
muscle from the circulation. At rest, creatine is phosphory- 
lated by the activity of creatine kinase (leftward shift of 
equation below) to form the high-energy compound phos- 
phocreatine (PCR): ADP + PCR <-> Cr + ATP 

During intense exercise, when energy is needed to per- 
form muscle contraction, the high-energy bond within PCR 
is transferred to ADP to form ATP (rightward shift of equa- 
tion above). The regeneration of ATP provides the energy 
that allows muscle contraction. Because creatine supple- 
mentation causes muscle stores of creatine to increase [8], 
the rationale for the use of this product is that more PCR 
will be formed, allowing for greater ATP resynthesis, and 
therefore greater short-term exercise performance The per- 
formance-enhancing qualities of this supplement have been 
extensively reviewed by others [4*»]. In general, only short- 
term activities involving extremely high-power outputs 
appear to be enhanced [9]. A fundamental problem is that 
athletes have extrapolated the benefits of creatine to other 
types of activities (eg, long-term, endurance), where there is 
no evidence of an ergogenic effect 

The amount of creatine ingested by athletes varies 
widely [10]. Many studies have utilized a loading dose over 
a few days to acutely increase plasma creatine, presumably 
enhancing creatine transport into the muscle. This is 
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generally followed by a smaller maintenance dose, 
intended to keep muscle creatine levels high, and thus 
increase energy availability [11]. This protocol has been 
shown to increase muscle creatine stores by approximately 
20% [8]. However, this response is highly variable in that 
not all individuals show significant increases in muscle cre- 
atine [12]. Individuals who do not respond to creatine 
ingestion with an increase in muscle creatine have been 
termed nonresponders [4»»]. 

The end product of creatine metabolism is creatinine, 
formed in a nonenzymatic reaction. Creatinine is filtered 
through the glomeruli and excreted. The clearance of this 
endogenous substance has been used to approximate the 
clearance of inulin, the standard measure or index of glom- 
erular filtration rate (GFR). Because creatinine is also 
secreted by the proximal tubule, creatinine clearance 
slightly overestimates true GFR Serum creatinine concen- 
tration is also used a gross index of renal function; for 
example, during acute renal failure creatinine clearance 
will markedly decline and serum creatinine will rise. 

Plasma creatine is also freely filtered by the kidneys. In 
subjects taking creatine, urine creatine concentration and 
creatine excretion increase several hundred-fold [13»]. It 
should be noted that quantitatively the renal excretion of 
creatinine and creatine combined is invariably less than 
the amount taken in. Consequently, there is a net gain of 
creatine amounting to roughly 10% to 30% of the ingested 
amount. Because only a limited amount, and in some 
cases essentially none (ie, in nonresponders) of the creat- 
ine is transported into muscle, the majority of the net gain 
of creatine remains in the extracellular space This increase 
in the amount of an osmotically active compound in the 
extracellular compartment will invariably lead to water 
retention and volume expansion. 

One positive aspect, in terms of the renal handling of 
creatine, is that it is simply filtered and eliminated via 
excretion. Neither creatine or creatinine is reabsorbed. In 
addition, aside from the secretion of a small fraction of 
creatinine, secretory processes are not involved in the elimi- 
nation of creatine. Thus, the renal handling/elimination of 
excess creatine does not directly involve costly metabolic 
transport processes. That being said, in those taking creatine, 
the kidneys are required to remove what are extraordinary 
amounts of creatine from the plasma, and this necessitates 
the capacity to filter and move creatine through the renal 
tubule. Although it would be predicted that a person with 
impaired glomerular filtration may not be able to excrete 
the required amount of creatine a fundamental question is 
whether persons with normal renal function can adequately 
eliminate these large quantities of creatine, especially over 
prolonged periods of time Also, with the kidneys having the 
burden of removing massive quantities of creatine from the 
plasma over for whatever amount of time that this com- 
pound is being taken (eg, months or years), the major con- 
cern is whether there are any changes or deleterious effects 
on renal function/structure 



Case Reports 

To our knowledge, there have been three published case 
reports linking creatine ingestion with possible renal 
dysfunction. One was reported in the New England Journal of 
Medicine and has been widely cited [ 14»] . Briefly, a previously 
healthy 20-year-old male reported symptoms of nausea, vom- 
iting, and bilateral flank pain that began after ingesting 20 g 
of creatine a day for 4 weeks. A renal biopsy confirmed the 
presence of acute focal interstitial nephritis and focal thicken- 
ing of the basement membrane Another widely cited report 
occurred in a patient with a history of glomerulosclerosis 
[15]. The patient was found to have worsening renal function 
over a few-month period; serum creatinine increased 75% 
and creatinine clearance decreased 42% following ingestion 
of a loading (15 g/d for 1 week) and maintenance dose (2 g/d 
for 7 weeks) of creatine Renal function did return to baseline 
after creatine ingestion was stopped. Hie significance of the 
third case report is unclear; a 19-year-old football player [16] 
complained of fatigue and dyspnea, and was found to have 
an elevated serum creatinine despite a normal creatinine 
clearance The athlete reported taking 10 g/d of creatine for 3 
months. By their very nature case reports can be provocative 
because they often highlight an unusual case but it is difficult 
to establish causation. Among these three case reports, only 
the first may have application to the current review on healthy 
athletes. The implications of a single case report among many 
thousands of regular creatine users is unclear. Nevertheless, 
case reports can often serve as a warning for potential side 
effects of any dietary supplement particularly compunds that 
remain incompletely studied or, as is the case with all 
nutritional supplements, these not subjected to the rigors of 
FDA approval. 

In light of these case reports, an important question is 
whether there is any a priori physiologic reason to expect a 
creatine-induced decline in renal function, particularly in 
healthy athletes. As indicated above, short-term creatine 
ingestion would not be predicted to cause a decline in 
renal function, because the kidney would be expected to 
simply excrete excess creatine. However, long-term creatine 
ingestion might be predicted to have deleterious effects, 
similar to a high-protein diet. That is, creatine, a product of 
amino acid metabolism, could lead to long-term renal 
hyper-filtration, the consequence of which could be neph- 
ron damage and a subsequent decline in glomerular filtra- 
tion rate and proteinuria [17,18]. Also, creatine may 
increase extracellular and intracellular volume, which 
could increase blood pressure [4»M9»]. 

Animal Studies 

One very recent study [20] examined the effects of creatine 
supplementation in a rat model of renal disease [the 
Han:Sprague-Dawley (SPRD)-cy rat]. This particular strain 
is used as a model of human autosomal dominant polycys- 
tic kidney disease, allowing one to examine progression of 
renal disease during the much shorter life span of the rat. 
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Four-week-old Han:SPRD~cy rats were fed either a control 
diet or a control diet with creatine supplementation for 6 
weeks. In order to mimic the dosing regimen typically used 
by athletes, a loading and subsequent maintenance dose of 
creatine was given, with the amount corresponding to what 
humans take on a per weight basis. Of concern, the rats in 
the creatine group had a higher serum creatinine concentra- 
tion, a lower creatinine clearance, and an increase in cyst 
area. These data raise concerns about creatine use in 
humans with pre-existing renal disease. However, the rele- 
vance of these data to healthy athletes is unknown. One 
valid concern raised by the authors [20] is that manifesta- 
tions of polycystic renal disease may not become apparent 
until later in life. Thus, individuals predisposed to this dis- 
ease may consume creatine and unknowingly accelerate 
disease progression. Germane to this review, an important 
question is whether experimental evidence in humans links 
creatine ingestion to renal dysfunction. 

Human Studies 

In order to examine the renal effects of short-term creatine 
ingestion, Poortmans [13»] utilized a prospective, nonran- 
domized cross-over design. Five healthy men consumed 20 
g/d of creatine for 5 consecutive days; 2 weeks later these 
same subjects consumed 5 g of a placebo. A 24-hour urine 
and femoral artery blood sample were obtained after the 
dosing regime. Creatine supplementation did not alter arte- 
rial or urinary creatinine concentration or clearance rate, 
and protein excretion rates were similar between groups. 
Likewise, in another study, no differences in plasma creati- 
nine were found in 30 young subjects randomized in a dou- 
ble-blind fashion to consume either 20 g/d of creatine for 5 
days or placebo [21*]. In contrast, Volek et cL [19*], Robin- 
son et al. [11] and Kreider et al [22] found small increases 
in serum creatinine following creatine supplementation 
protocols ranging from 5 days to 8 weeks. However, despite 
the increase, values reported were within normal clinical 
ranges. It is possible that these changes were related to the 
larger muscle creatine pool available for breakdown after 
supplementation [11,19 # ], and not renal dysfunction. 

Although serum creatinine concentration provides 
some information on overall renal function, the index is 
imperfect; it is dependent on total muscle mass and is 
clearly altered during creatine supplementation indepen- 
dent of any change in renal function. Thus, the clinical sig- 
nificance of mild elevations of serum creatinine are not 
known [22]. Kuehl et al [23] notes that serum creatinine 
may not become abnormal until there is a 25% reduction 
in glomerular filtration rate. This makes assessment of 
other ancillary indices of renal function especially impor- 
tant. In the aforementioned Volek et al [19»] study, short- 
term creatine ingestion did not alter urine production, 
sodium excretion, or potassium excretion, either at rest or 
during strenuous exercise in the heat. Both Robinson et al 
[11] and Kreider et al [22] report essentially unchanged 



serum sodium, potassium, and urea concentration. In 
short, the available experimental literature in humans, 
using admittedly imperfect indices of renal function, does 
not support a link between short-term creatine ingestion 
and renal dysfunction in healthy athletes. 

As stated previously, there is no a priori reason to suspect 
that short-term creatine ingestion would impair renal func- 
tion. In contrast, one could hypothesize that longer-term 
creatine ingestioa similar to a high-protein diet, might lead 
to renal dysfunction. Unfortunately, only a few studies have 
examined the longer-term effects of creatine ingestion. 
Poortmans and Francaux [24] randomized 20 subjects to a 
creatine (21 g daily for 5 days followed by 3 g/d for 58 days) 
or placebo (maltodextrine) group. There were no differences 
in creatinine, urea, and albumin excretion rates when 
assessed at baseline and at days 5, 20, 41, and 63. Thus, this 
study, as well as the Robinson et al study [11] cited above, 
extend the observations of renal function during creatine 
ingestion from a few days to 2 months. 

The even longer-term effects of creatine-ingestion 
have just begun to be examined. Poortmans and Francaux 
[25], in a retrospective study comparing nine regular con- 
sumers of creatine (2-30 g per day, 6-7 days per week, 
ranging from 10 months to 5 years) to 85 controls. 
Twenty-four hour urine and blood samples were obtained 
in both groups, indicating no differences in creatinine, 
urea, or albumin clearance rates. In another retrospective 
study [26], 26 athletes were separated into three groups: 
no creatine, creatine supplementation for up to 1 year, 
and supplementation for 1 to 4 years. Although the blood 
parameters assessed fell within normal clinical ranges, the 
1 to 4-year supplementation group had a significantly 
higher serum creatinine compared with the control group 
(1.3 + 0.3 vs 0.9 ± 0.3 mg/dL). However, body mass was 
different between these groups (90.8 ± 21.9 vs 72.8 + 12.1 
kg), and when body mass was used as a covariate, the dif- 
ferences in serum creatinine were no longer statistically 
significant. One concern that has not been addressed is 
the effects of long-term creatine supplementation on 
blood pressure. As indicated, creatine ingestion is associ- 
ated with fluid retention. The extent to which the fluid 
retained will be intracellular, or within the muscle, is a 
function of the amount of creatine transported into the 
muscle. In nonresponders, it would be predicted that the 
fluid retention would be primarily extracellular. Although 
short-term (ie, 5 days) creatine administration did not 
alter blood pressure [21*], possible changes in blood 
pressure in athletes with long-term creatine supplementa- 
tion have not been assessed. 

Clearly, although these studies in humans ranging 
from several days to years are important, more studies need 
to be performed, particularly long-term prospective studies 
using multiple indices of renal function. Ideally, because of 
difficulties in data interpretation when using serum creati- 
nine, other techniques to assess GFR, such as inulin clear- 
ance or radioisotope methods, should be utilized. 
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Conclusions 

Despite excessive media attention, a few provocative case 
reports, and a worrisome animal study, data collected in 
healthy humans do not support a link between creatine 
ingestion and renal dysfunction. Unfortunately, most stud- 
ies have been short-term in nature, highlighting the need 
for longer, prospective studies. However, the longer-term 
studies that have been performed to date do not support a 
link between creatine use and renal dysfunction. Thus, the 
risk of creatine-induced renal dysfunction would appear to 
be quite low for healthy athletes. This conclusion is in 
agreement with the recent American College of Sports 
Medicine roundtable discussion [4«»] (sponsored by many 
organizations including the National Institutes of Health) 
in which they state "There is no definitive evidence that 
creatine supplementation causes. . .renal . . .complications. " 
There are; however, potential problems with creatine inges- 
tion. Based on the aforementioned data, those with estab- 
lished renal disease should avoid creatine 
supplementation. Although short-term creatine supple- 
mentation hasn't increased blood pressure in healthy sub- 
jects [19«,21»], there are no data examining the effects of 
creatine in persons with hypertension. Consequently, per- 
sons with hypertension should be very cautious about 
using creatine, due to the potential volume retaining 
effects. To address the problem of potential renal effects, as 
a standard precaution in all those that utilize this dietary 
supplement, we support the recommendation put forth by 
Poortmans and Francaux [24]: "physicians should, how- 
ever, measure, under resting conditions, the albumin excre- 
tion rate, which should remain under 20 ug/min. This 
rapid and accurate method is not invasive or expensive and 
could be applied to estimate early renal dysfunction," 
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Cooking foods clearly has a beneficial impact for humans; 
the microbial content can be decreased, proteins made 
more digestible and the flavor and texture improved. But 
at the same time, amino acids, creatine and sugars, which 
occur naturally in meats, may be involved in reactions 
that generate heterocyclic amine (HA) carcinogens dur- 
ing cooking. Recently, another amine carcinogen, acryl- 
amide, was found at relatively high levels in cooked 
carbohydrate-rich foods, especially potatoes. In this com- 
mentary acrylamide will be compared with the meat car- 
cinogens (HAs) with respect to formation, human intake 
and health consequences — it's a meat and potato war. 
What conclusion about risks from these dietary carcino- 
gens can we make from the available scientific data? 



Commentary 

Environment-related cancers, those shown to change in the 
population with human migration, are frequently found in the 
breast, colon and prostate, similar to the cancers induced 
in rodents (along with liver), from exposure to selected 
heterocyclic amines (HAs). Acrylamide, an alkene amine, 
recently discovered in starchy foods to be in relatively high 
amounts (micrograms per gram of food), is reported to be a 
mammary carcinogen in rodents. Because of their prevalence 
in the human diet, these rodent carcinogens may have an 
effect on human disease incidence. 

A critical question, then, is: Do individuals who eat small 
quantities of these carcinogens over a lifetime have an 
increased cancer risk? 

Carcinogen formation 

Over 25 years ago Dr. Takashi Sugimura and his group 
showed that cooking meat and fish produced potent bacterial 
mutagens (1), but the chemicals responsible were unknown. 
Shortly thereafter, Dr. Kasai described the structure of the 
first mutagen isolated from cooked meat, 2-amino-3- 
methylimidazo[4,5-y]quinoline (IQ) (2), and later, 2-amino- 
3,8-dimethylimidazo[4,5-/|quinoxaline (MelQx) (3). Our 
group at Lawrence Livermore National Laboratory (LLNL) 
was able to identify 2-amino-3,4,8-trimethylimidazo[4,5- 
fjquinoxaline (DiMelQx) (4) and PhIP (2-amino-l -methyl- 
Abbreviations: HA; heterocyclic amine; IQ; 2-amino-3-methylimidazo 
[4,5-tlquinoline; MelQx; 2-amino-3 ,8-dimethylimidazo [4,5-/3 quinoxaline; 
PhIP; 2-amino- l-methyl-6-phenylimidazo[4,5-^]pyridine). 



6-phenylimidazo[4,5-b] pyridine) (5). Structures for some of 
these, as well as acrylamide, are shown in Fig. 1. Using 
analytical methods, that allowed routine detection of HAs in 
cooked foods, scientists determined the types of food and 
cooking conditions responsible for human HA exposures 
(6-9). Model systems to identify the precursors and the 
conditions under which these compounds are formed were 
also developed (10-12). These studies showed that HAs can 
sometimes be detected in cooked muscle meats such as beef, 
pork, chicken, fish and lamb over a range from 0.1 to 
hundreds of parts per billion when the meat is overcooked 
over flames, under a broiler or pan fried (13). 

An example of the range of human exposure to HAs is 
shown in a space analysis of meats cooked commercially in 
restaurants (Table I). For top loin steaks, cooked well-done 
but purchased from different restaurants, the total amount of 
HAs differed 19-fold. For flank steaks prepared at the same 
restaurant but on different days, PhIP levels varied from 2 
to 25 ng/g. Differences in cooking methods, times and 
temperatures utilized by the cook to achieve the requested 
well-done state is a likely explanation for the large variation, 
and this variation is largely responsible for the difficulties in 
assessing human exposure. 

Like HAs, acrylamide is sometimes formed during cooking 
from natural components in the food. Temperatures in the 
normal cooking range (baking and deep-frying) produce 
acrylamide from asparagine and glucose, precursors that are 
present naturally in starchy plant food (14). Examples of 
foods and the range of acrylamide levels detected are shown 
in Table 1. Toasted plant food like breads, crackers and 
cereals are prominent sources of acrylamide, along with the 
potato derived French fries and potato chips. Most foods that 
contain acrylamide are cooked commercially and contain the 
acrylamide when purchased. HAs, on the other hand, are not 
present when raw meat is purchased, but instead are 
produced during meal preparation in restaurants and homes. 
It is interesting that many foods containing HAs or 
acrylamide are perceived as healthy foods, like chicken, 
wheat bread, and veggie crisps. For HAs, local education in 
food preparation in the home or restaurant should be 
effective in reducing carcinogen formation, but for acrylam- 
ide, changes in industrial food preparation practices may 
have to be implemented to reduce exposure. 

Human intake 

Several authors have estimated the average daily intakes for 
HAs and acrylamide and there is a good consensus in the 
predicted exposures. Studies estimating the intake of HAs 
include Lay ton et al. (15) which calculated an average 26 ng/ 
kg body wt/day for a US population, Zimmerli et al. (16) 
who estimated 5 ng/kg body wt/day for a Swiss population, 
and Augustsson et al. who estimated 2.5 ng/kg body mass/ 
day for an elderly Swedish population (17). 
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Figure 1. Chemical structure of heated food carcinogens, acrylamide and 
the HAs (IQ, MelQx, DiMelQx and PhIP). 



Table I. Amine carcinogens in heated foods, (ng/g) (p.p.b.) cooked weight 



Sample 


Doneness 


MelQx 


PhIP 


DiMelQx 


Top loin steak 


Well-done 


0.12 


0.86 


n.d. 


Top loin steak 


Well-done 


1.3 


7.7 


0.77 


Hank steak 


Well-done 


1.9 


10 


0.6 


(average of 4) 










Prime rib 


Well-done 


n.d. 


n.d. 


n.d. 


Beef fajitas 


Unspecified 


0.93 


1.7 


0.06 


Pork chop 


Unspecified 


0.4 


2.4 


n.d. 


Chicken fajitas 


Unspecified 


2.4 


33.4 


1.7 


Grilled chicken 


Unspecified 


0.74 


4.1 


0.64 


sandwich 










Fish from tacos 


Unspecified 


n.d. 


n.d. 


n.d. 


Food 


Acrylamide (ng/g) 








French fries 


109-1250 








Potatoes, baked 


17-32 








Potato chips 


117-2762 








Potatoes, fresh, 


n.d.-<10 








boiled, mashed 










Infant formula 


n.d. 








Cereals 


n.d.-1057 








Crackers 


26-1540 








Dairy foods 


n.d.^13 








Toasted, baked, 


n.d.-364 









or fried breads 
or bakery products 



Data from ref. 43, 44. n.d., not detected <0.1 p.p.b. for HAs, <20 p.p.b. for 
acrylamide. 

Acrylamide intakes are clearly greater. A mean intake of 
480 ng/kg body wt/day was estimated for the Dutch 
population (18). Intakes of 490 and 460 ng/kg body wt/day 
for men and women, respectively, were estimated for 
Norwegians (19), and the U.S. Food and Drug Administration 
estimates exposures to be 370 ng/kg body wt/day in the US 

(20) . This is >10 times the HA exposure level. 

Health consequences 

A primary difference between the HAs and acrylamide is the 
relative potency of the compounds in genetic toxicology 
tests. The HAs are extremely potent mutagens in Salmonella 

(21) , CHO cells (22) and the Big Blue rat (23). However, 



acrylamide is consistently negative in microbial mutation 
tests (24) and gives inconsistent results in mammalian cell 
assays (25,26) with and without metabolic activation. A 
weak, yet statistically significant mutagenic response at some 
doses of acrylamide was shown in cultured cells from the Big 
Blue mouse for the cH transgene (27). 

As mentioned above, the heterocylic amines have been 
shown in numerous feeding studies to cause tumors in 
rodents in various organs relevant to human cancer sites. 
Acrylamide, too, is a rodent carcinogen, with testicular 
mesotheliomas and thyroid adenomas seen in males and 
fibroadenomas of the mammary gland see in females (28-30). 
It is interesting that acrylamide seems to give primarily 
endocrine-related cancers. Rats exposed to the HA, PhIP, 
generate tumors that are predominantly found in the steroid 
hormone controlled organs like breast and prostate. PhIP has 
been reported to interact at the estrogen receptor which may 
explain why PhIP is able to act as a complete carcinogen in 
the rodent (31). The strong genotoxicity of PhIP, which has 
been shown to be targeted to critical genes related to cell- 
cycle control and regulation, coupled with this hormone 
receptor activation, may enhance cancer progression (32). 

The International Agency for Research on Cancer (IARC) 
considers acrylamide and the HA, IQ, to be 'probable human 
carcinogens' (33,34). In addition, the U.S. National Toxico- 
logy Program has designated acrylamide and selected HAs 
(IQ, MelQ, MelQx, PhIP) as 'reasonably anticipated to be 
human carcinogens' (35). Epidemiological studies relating to 
the doneness of meat cooking (HA exposure) and cancer 
outcome suggest effects at the aforementioned breast, colon 
and prostate sites, plus esophagus, gastric cardia, larynx, 
lung, blood (lymphoma), stomach and pancreas. We 
compiled 30 such studies (36). Most of these studies show 
positive associations between exposure to well-done meat 
and cancer, but some are negative, as would be expected 
given the variety of cancer sites and diets evaluated. In 
addition, many of these studies showed substantial relative 
risks (RR) when the meat intake was coupled with genetic 
susceptibility related to metabolism and repair. 

Historically, human studies of acrylamide exposure 
focused mainly on industrial and inhalation exposures (37). 
In one study of 8500 workers, pancreatic cancer was weakly 
correlated with high-dose acrylamide exposure; however, 
smoking has been raised as a possible confounding factor in 
this study. Three dietary case-control studies evaluated 
acrylamide intake and cancer effects at selected sites. No 
evidence of positive correlations were seen between dietary 
intake and cancer incidence (38-40). More recently, no 
significant risk was seen between acrylamide and cancers of 
the oral cavity and pharynx, esophagus, large bowel, larynx, 
breast, ovary and prostate (41). A recent large prospective 
study also found no evidence linking acrylamide exposure 
and colorectal cancer (42). 

It appears that no one toxicology test or epidemiology 
study is sufficient to predict the health consequences of 
dietary compounds consumed in food. A battery of tests and 
multiple epidemiology studies are still needed for risk 
evaluation. 

The evidence for human cancer risk from HA exposure is 
highly suggestive, but despite the higher intake of acrylamide 
and its carcinogenic potency in rodents, a human cancer risk 
cannot be established for acrylamide outside the workplace. 
It may be time to reconsider the 16th century idea of 
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Paracelsus that 'the dose makes the poison'. In the case of 
these two classes of amine carcinogens produced from 
heating, the potency of the HAs appears to have won the war; 
it is meat over potatoes. 
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Performance-enhancing drugs 
snare nonathletes, too 

High school athletes aren't the only ones^e^king an edge. 
Here are the red flags and unexp£etelfclrugs\o watch for 

Practice recommendations 

• Multiple adverse effects, including 
serious cardiovascular effects, ^ \\€***a '*"n^tiiral" supplement. *His lab work 
haw prompted bans on to^SM s^^^some elevation in) his aspartate 



ercise| fe ftgfflaiT^ has biten taking some 
protein shakes and whaAhe refers to as 



anabolic androggpi(^^^is (^§) \\S^ aminotransferase (AST) and alanine 
and thejr^^^l»mpet|;i0|^<> % " aminotransferase (ALT), with a negative 

rest of his metabolic 
^pafiST is within normal limits. 

JC was on the track team in high 



t users other 
performance-enhancing drugs are, 
nonathletes or recreational body 
builders who begpijsffg these 
substances 4rrffieir teen years. 
HAsk^atJout steroid or supplement 
use during yearly physicals (C). 

Strength of recommendation (SOR) 
A Good-quality patient-oriented evidence 
B Inconsistent or limited-quality patient-oriented evidence 
C Consensus, usual practice, opinion, disease-oriented 
evidence, case series 



JC, a 23-year-old man, is in your 
office for evaluation of high blood 
pressure, after failing a commercial 
driver's license exam the previous week. 
He has been your patient for the past 10 
years, and his previous annual physicals 
have been unremarkable. He is 5' 10" tall, 
weighs 209 pounds, and has a muscular 
build. His blood pressure today is 160/90 
and his heart rate is 62 and regular. The 
rest of his physical exam is normal. 

He is a nonsmoker, rarely uses al- 
cohol, and denies illicit drug use. He ex- 



school, and since graduation has con- 
tinued to work out and stay fit. You ask 
him if he takes steroids, and he tells you 
he was warned about the risks of ana- 
bolic androgenic steroids (AAS) in high 
school. He sticks to a "natural" supple- 
ment, which he buys online or through 
friends at the gym. Still, you know that 
elevated liver enzymes and hypertension 
can be associated with AAS use and that 
dietary supplements don't have to meet 
the same standards the Food and Drug 
Administration (FDA) imposes on drugs. 
(See "What's in that supplement? Labels 
don't always help" on page 18.) You 
warn him that supplements aren't always 
safe, and ask him to bring in his supple- 
ment bottle so you can go over the label 
and, possibly, have the contents tested. 



i Pursuit of that "edge" 
extends beyond Olympians 

Even before the start of the modern 
Olympic games, athletes have used 
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ergogenic aids — substances used to en- 
hance performance, energy, or work 
capacity — to give themselves a "com- 
petitive edge." 1 ' 2 Athletes still use these 
substances today, and they have been 
joined by nonathletes — some of whom 
simply want to look good. 

A 2004 Internet study of AAS us- 
ers reported that the majority are rec- 
reational bodybuilders or nonathletes. 
Twenty-five percent of participants in 
this survey reported starting using ste- 
roids during their teenage years. 3 

An ongoing study of high school 
students and young adults indicates 
an AAS use prevalence rate of 1.1% to 
2.3% in boys and 0.4% to 0.6% in girls. 
Approximately 40% of survey partici- 
pants noted that obtaining steroids was 
relatively easy. 4 

The Centers for Disease Control and 
Prevention (CDC) reports that 4.4% to 
5.7% of boys (grades 9 through 12) 
have used illegal steroids and that 1.9% 
to 3.8% of girls have. 5 

Few AAS users tell their physicians 
of their steroid use. Part of the reason, 
of course, is that illegal substance use 
is stigmatized and can lead to prosecu- 
tion. Another reason, though, is that 
these patients think physicians don't 
know much about these substances. 3 
Still other patients, like JC, don't tell 
because they may not even be aware 
that some substances billed as "natural" 
conceal potential dangers. 

For help in spotting patients who 
are using these agents, see "Red flags 
for performance-enhancing drug use" 
on page 20. 

i Performance-enhancing 
drugs go by many names 

Refining your care of patients who are 
taking performance-enhancing drugs re- 
quires that you know the various names 
these drugs go by, the reason your pa- 
tients may be taking them, and the ad- 
verse effects associated with them. This 
review, and the table, will help. 



Anabolic androgenic steroids: 
Often paired with energy drinks 

Teenagers may refer to AAS as "pumpers," 
"gym candy," or "juice." Trade names for 
AAS are Dianabol, Anadrol, Deca Dura- 
bolin, Parabolin, and Winstrol. AAS are 
often used with nutritional supplements 
like creatine, multivitamins, and energy 
drinks, in the belief that these regimens 
will make the user stronger, more muscu- 
lar, and a better athlete. 6 ' 7 

AAS are synthetic analogues of tes- 
tosterone and come in oral, injectable, 
and transdermal forms. 8 ' 9 At supraphysi- 
ologic doses, testosterone has been found 
to increase lean body (fat-free) mass and 
muscle strength in humans. 10 The anabol- 
ic effects are more pronounced when AAS 
are used at higher doses over longer pe- 
riods of time, especially when combined 
with a strength training program. 9 ' 10 AAS 
have also been found to stimulate the 
production of growth hormone and insu- 
lin-like growth factor and to counteract 
the catabolic effects of Cortisol. 11 

The use and possession of AAS with- 
out a doctor's prescription is illegal in the 
United States. A majority of AAS users 
buy their medications through Internet 
suppliers, with some of the drugs being 
manufactured overseas or in illicit labs. 3 
Substandard quality control in manu- 
facture poses an increased health risk to 
consumers. 

Adverse effects include injection site 
pain, acne, baldness, gynecomastia, tes- 
ticular atrophy, sexual dysfunction, and 
psychological disturbances (also known 
as "roid rage"). 8 ' 9 ' 11 " 13 Increases in liver 
enzymes with the oral forms of AAS 
have also been noted. 8 In the prepubertal 
athlete, premature physeal closure may 
occur, resulting in permanent short stat- 
ure. 14 Women who take AAS may have 
virilization effects, menstrual irregulari- 
ties, and early menopause. 11 

The cardiovascular risks of AAS use 
are substantial. High-dose and long-term 
AAS use has been linked to cardiomy- 
opathy and sudden death. 15 " 20 Some data 
suggest the development of accelerated 
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What's in that supplement? 
Labels don't always help 



Under the provisions of the 1994 Dietary Supplement Health 
and Education Act (DSHEA), supplement manufacturers, 
not the Food and Drug Administration (FDA), are responsible 
for guaranteeing the safety of their products. 52 Components of 
the various supplements available are not uniform, and do not 
need to be submitted to the FDA for analysis. A study analyzing 
several nutritional supplements revealed the presence of 
anabolic androgenic steroids (AAS) (14.8% of 634 products) not 
mentioned in the labeling. 53 

Using supplements can result in positive drug tests for 
banned substances and unwanted side effects. It is important 
to ask about supplement use during annual checkups and 
sports physicals—especially if the patient has unexplained high 
blood pressure or other somatic complaints. 



atherosclerosis with AAS use, leading to 
hypertension, coronary artery disease 
(CAD), and acute myocardial infarc- 
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androgenic 
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tion 
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An unfavorable lipid panel 
has also been noted, with an increase in 
LDL and decreased HDL. 18 21 



Tetrahydrogestrinone: 
A "designer" steroid 

Tetrahydrogestrinone (THG) was ini- 
tially developed to avoid detection by 
testing protocols current at the time. 22 " 24 
This drug has garnered significant media 
attention in the past few years because 
of scandals involving professional and 
Olympic athletes. THG is chemically 
related to 2 other banned steroids, tren- 
bolone and gestrinone. 22 ' 24 It is used simi- 
larly to AAS to increase muscle bulk and 
enhance performance. It is more hepa- 
totoxic than AAS, with highly potent 
androgenic and progestin properties in 
in vitro bioassay studies. 22 ' 25 

Marketing of this agent is banned in 
the United States, There are no long-term 
studies of its effectiveness or side effect 
profile. 

Androstenedione: 
Initially an anti-aging drug 

Androstenedione, aka Andromax and 



Androstat 100, is a precursor of tes- 
tosterone. This substance is produced 
in the adrenal glands and gonads. 2 Ini- 
tially marketed as a dietary supplement 
and anti-aging drug, it was banned by 
the FDA in 2004 because of its potent 
anabolic and androgenic effects. 26 Er- 
gogenic use includes promoting muscle 
building and strength and fat reduction. 2 
Studies on healthy young men found no 
improvement in skeletal muscle adapta- 
tion to resistance training with andro- 
stenedione supplementation for 8 to 12 
weeks. 27 ' 28 Studies of its effect on increas- 
ing blood testosterone levels are conflict- 
ing. 27 ' 29 Several studies noted an increase 
in estradiol levels after oral androstene- 
dione supplementation. 9 ' 11 ' 2729 

Endocrine pathways with this drug 
are similar to AAS, and the side effect 
profile is similar as well, although not as 
pronounced. Larger, long-term studies 
are needed to fill out this drug's profile 
and document its effects on the athletes 
who use it. 

Dehydroepiandrosterone: 
Marketed as a "wonder drug" 

Dehydroepiandrosterone (DHEA), mar- 
keted under the names Prastera, Fidelin, 
and Fluasterone, is another precursor of 
testosterone. It is produced in the adrenal 
cortex and has weak androgenic proper- 
ties. 2 DHEA is a dietary supplement mar- 
keted as a "wonder drug" and, like an- 
drostenedione, is advertised to promote 
muscle-building and fat-burning. It is also 
said to have anti-aging properties. 11 ' 14 
DHEA has been used by athletes in the 
belief that it will increase testosterone lev- 
els and muscle bulk. 30 

In studies done in healthy men, 
however, even large doses of DHEA 
(1600 mg/d) did not result in an increase 
in testosterone levels. An increase in es- 
tradiol levels was noted in elderly men. 
Women who supplement with DHEA 
were found to have increased levels 
of testosterone and virilization effects, 
even at small doses (25-50 mg/d). 31 
Because of the risk of these side 
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Performance-enhancing agents: What to watch for 


DRUG/SUPPLEMENT 


ERGOGENIC USE 


ADVERSE EFFECTS 


COMMENTS 


Anabolic androgenic steroids 
(AAS) 


• Increase lean muscle mass 
at supraphysiologic doses 

• Increase protein synthesis 

• Stimulate production 
of growth hormone 

• Decrease perception 
of fatigue 


Acne, gynecomastia,* 
testicular atrophy,* 
virilization in females,* 
premature physeal closure, 
elevated liver enzymes, 
increased aggression, 
hypertension, CAD, sudden 
death 


• Polypharmacy with other 
ergogenic agents and 
anti-estrogens is common 

• Possession and use are 
against the law, and athletes 
found to be using AAS are 
banned in competition by 
sports authorities 


Tetrahydrogestrinone (THG) 


Data on ergogenic use 
are insufficient 


Hepatotoxicity; side eifect 
profile probably similar to AAS 


• Evidence on effectiveness 
and side effects is insufficient 

• Use is illegal 


Androstenedione (Andro) 


Increase testosterone levels 
in order to build muscle 


Increased estradiol levels, 
feminization, priapism; side 
effect profile probably similar 
to AAS 


• Conflicting evidence on 

how drug affects testosterone 
levels 

• Banned in competition 
by sports authorities 


| Dehydroepiandrosterone 
(DHEA) 


Increase testosterone levels 
for anabolic effects 


Increased estrogen and 
estradiol levels, virilization, 
increased risk of endometrial 
cancer in females 


• Insufficient evidence to 
support claims as an anabolic 
or anti-aging agent 

• Sold as a supplement 
but banned for use in 
competition 


Human growth hormone 
(HGH) 


Increase protein synthesis 
and muscle mass without 
unwanted androgenic effects, 
decrease body fat 


Insulin resistance, premature 
physeal closure, acromegaly, 
hypertension, cardiomegaly 


• Insufficient evidence that use 
enhances athletic performance 

• Expensive 

• Usually used in addition to AAS 

• Banned for use in competition 


Ephedrine 


Weight loss, increase energy, 
increase concentration 


Anxiety, panic attacks, 
hypertension, tachycardia, 
Ml, stroke 


Banned by the FDA because 
of cardiovascular and stroke 
risk 


Caffeine 


Increase alertness and 
energy, weight loss, improve 
endurance 


Agitation; potential for 
withdrawal symptoms; 
hypertension, arrhythmia, 

and ^trokp whpn m ^pH with 

a\ i\j ou wrvc vviicii uocu will I 

ephedrine or other stimulants 


Urinary threshold in NCAA 
and Olympic competition 


Erythropoietin (EPO) 


Increase oxygen-carrying 
capacity of blood in endurance 
athletes 


Pulmonary embolism, Ml, 
stroke, development of 
anti-EPO antibodies 


Banned in all sports 
competition 


Creatine 


Increase production of ATP 
in skeletal muscle during 
anaerobic exercise 


Muscle cramps, weight gain, 
minor gastrointestinal upset 


• No long-term studies 
available 

• Not recommended in minors 

• Legally sold as a dietary 
supplement 


Sildenafil 


Vasodilation, increase 
oxygenation and exercise 
capacity 


Headache, flushing, dyspepsia, 
blurring of vision 


No action yet to ban in 
athletic competition 



ATP, adenosine triphosphate; CAD, coronary artery disease; FDA, Food and Drug Administration; Ml, myocardial infarction; NCAA, National Collegiate 
Athletic Association. 

* These adverse effects may be irreversible. 
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Red flags for performance- 
enhancing drug use 



Rapid increase in muscle bulk and loss of body fat 
Unexplained high blood pressure, cardiomyopathy, or 
arrhythmia in a previously healthy adolescent or young adult 
Signs and symptoms of feminization in males or virilization 
in females 

Increased aggression, violent behavior; or insomnia 
Abnormal lab work, including increases in liver enzymes 
or hematocrit 

Polypharmacy or increased use of medications and dietary 
supplements. 



effects and the lack of long-term stud- 
ies, DHEA supplementation is not rec- 
ommended for use by adolescents or 
women. 30 There is no convincing evi- 
dence to support claims of the anabolic 
and anti-aging effects of DHEA. 
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Viagra is the latest 
entry in the list of 
drugs competitive 
athletes may be 
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improve sports 
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Human growth hormone: 

Side effects include hypertension 

Human growth hormone (HGH) is an 
endogenous pituitary hormone with 
anabolic functions that increases muscle 
mass without the androgenic side ef- 
fects. It is used medically for patients 
with decreased endogenous levels of GH 
or dwarfism. As an ergogenic aid, it has 
been found to increase levels of insulin- 
like growth factors, and the combination 
leads to increased protein synthesis and 
muscle mass. 32 

Side effects of HGH include insulin 
resistance, GH-induced myopathy, and 
acromegaly-like effects. 11 There have been 
reports of hypertension, cardiomegaly, 
ventricular hypertrophy, and abnormal 
lipids with excessive use. 19 ' 33 Premature 
physeal closure may occur in the adoles- 
cent HGH user. 8 It's unclear whether HGH 
actually enhances sports performance, be- 
cause the evidence is insufficient. 34 

Ephedrine: 

Used by hockey players 

Ephedrine is a stimulant derived from the 



herb ma huang. It goes by many names, 
among them Ma Huang, Bolt-ephedrine, 
Asia Black 25, Hot Body Ephedra, and 
Thin Quick. Its chemical structure is re- 
lated to amphetamine. Among college 
athletes, ephedrine and amphetamine use 
is more common in power sports, those 
requiring increased concentration (eg, ri- 
fle shooting, fencing), ice hockey, and field 
sports. 35 Users feel less fatigue, experience 
bursts of energy, and lose weight. 8 ' 36 

Users may experience irritability, 
anxiety, insomnia, and tremors, especial- 
ly if stimulants are used in conjunction 
with high doses of caffeine. 35 ' 37 Ephedrine 
stimulates the release of norepinephrine, 
which produces increases in blood pres- 
sure, peripheral vascular resistance, and 
heart rate. These norepinephrine effects 
are the proposed mechanism for reported 
cases of myocardial infarction, cerebral 
artery vasoconstriction, and stroke asso- 
ciated with ephedrine use. 13 

Marketing of dietary supplements 
that contain ephedrine has been banned 
by the FDA because of the stimulant's po- 
tential for increasing cardiovascular and 
stroke risks. 38 

Caffeine: 

May give sprinters a leg up 

Caffeine — which is found in everything 
from coffee to energy tablets and energy 
drinks — increases a person's energy level. 
In endurance sports, it also increases time 
to exhaustion. 32 Studies in endurance- 
trained cyclists have shown that caf- 
feine intake reduced leg pain, increased 
maximal leg force, and lengthened time 
to fatigue. 39 ' 40 A recent study in Australia 
also showed that caffeine may improve 
intermittent-sprint performance in com- 
petitive male athletes. 41 

Serious cardiovascular risks and 
even death have been documented 
when caffeine has been used with other 
stimulants, such as ephedrine or am- 
phetamines. The combination of high 
doses of caffeine and ephedrine has a 
potential for life-threatening arrhyth- 
mia, hypertension, and stroke. 42 Other 
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psychomotor side effects include anxi- 
ety, irritability, tremor, and the potential 
for withdrawal symptoms. 42 ' 43 Because 
of caffeine's stimulant nature, the Inter- 
national Olympic Committee and the 
National Collegiate Athletic Associa- 
tion have set urinary thresholds for its 
use in competition. 

Erythropoietin: 
Promotes endurance 

Erythropoietin (EPO) is a hormone pro- 
duced in the kidneys that stimulates pro- 
duction of red blood cells (erythropoi- 
esis). Marketed under the brand names 
Epogen and Procrit, EPO has legitimate 
medical uses. As an ergogenic substance, 
EPO is used to promote endurance by in- 
creasing the oxygen-carrying capacity of 
the blood with the increased red blood 
cell mass. In endurance athletes, the bene- 
fits of recombinant erythropoietin (rEpo) 
may last several weeks. 23 There is also a 
practice called "blood doping," which 
is a transfusion prior to competition, to 
produce the same effect. 

Adverse effects of EPO use are at- 
tributed to increased blood viscosity and 
thrombotic potential. Pulmonary embo- 
lism, stroke, myocardial infarction, and 
sudden death can occur. 19 Cases of death 
due to severe bradycardia, usually oc- 
curring during the night, have also been 
reported. 23 Development of anti-EPO 
antibodies may also occur, causing para- 
doxical anemia. 23 Athletes found to be 
using rEPO are banned from competition 
by sports-governing organizations. 

Creatine: 

Popular among body builders 

Creatine is a popular supplement used 
by athletes and recreational bodybuilders 
to provide energy to skeletal muscles in 
short-duration, maximal exercise. 44 It is 
an endogenous substance found mainly 
in skeletal muscle and is synthesized by 
the liver from the amino acids glycine, 
arginine, and methionine. 11 ' 44 It is also 
found in meat. 

Creatine monohydrate supplements 



have been found to increase creatine 
stores in muscles. 45 In the phosphorylated 
form, creatine serves as a substrate for ad- 
enosine triphosphate resynthesis during 
intense anaerobic exercise. 11 ' 44 " 46 Numer- 
ous studies support its ergogenic effect 
on short-term, intermittent maximal ac- 
tivities such as bodybuilding, swimming, 
and jumping. Similar benefits have not 
been proven for endurance aerobic ac- 
tivities, such as long-distance cycling or 
running. 46 ' 47 

This supplement is sold in many 
forms under such names as Rejuvinix, 
Cell Tech Hardcore, Muscle Marketing, 
Femme Advantage, and NOZ. Although 
not recommended for those under age 18, 
creatine is actually used by approximate- 
ly 5.6% of high school athletes, with the 
highest levels of use (44%) occurring in 
the 11th and 12th grades. 48 Reported side 
effects of creatine include muscle cramps, 
weight gain, and some minor gastrointes- 
tinal upset. Long-term studies on creatine 
supplementation are still needed. 

Viagra (that's right, Viagra) 

Viagra (sildenafil) is the latest entry in 
the list of drugs competitive athletes may 
be using to try to improve sports perfor- 
mance. The World Anti-Doping Agency 
is financing a study investigating whether 
sildenafil can create an unfair competi- 
tive advantage by dilating blood vessels 
and increasing oxygen-carrying capac- 
ity. 49 Studies of the impact of sildenafil 
on exercise capacity of climbers at the 
Mt. Everest base camp and on exercise 
performance during acute hypoxia have 
been published. 50 ' 51 Sildenafil was found 
to improve athletic capacity in both. To 
date, no action has been taken to ban the 
substance in athletic competition. 

i Are your patients using 
these agents? Ask them 

Family physicians need to be alert to the 
red flags that may indicate steroid use 
and gently explore the full list of medi- 
cations, over-the-counter products, and 
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Web resources 



www.usantidoping.org 

www.drugfreesport.com 

www.ncaa.org/wps/portal 

www.wada-ama.org 

www.steroidabuse.org/ 

www.usdoj.gov/dea/pubs/abuse/1 0-steroids.htm 
www.fda.gov/fdac/features/1 998/598_guid.html 
www.whitehousedrugpolicy.gov/streetterms/default.asp 



dietary supplements patients may be us- 
ing. Take advantage of annual checkups 
and sports physicals to ask about use of 
performance-enhancing substances, edu- 
cate patients on the risks involved, and 
emphasize good nutrition and sensible 
exercise routines as healthy ways to build 
a strong, attractive physique. 

Education was certainly in order for 
your patient, JC, described at the begin- 
ning of this article. He thought the dietary 
supplement he used was natural and 
therefore harmless. Not so. It contained 
potentially dangerous substances, so you 
advised him to stop using it. Nutritional 
counseling and a vigorous exercise rou- 
tine have allowed JC to maintain his fit- 
ness ideal. His blood pressure and liver 
enzymes returned to normal levels, and 
he passed his commercial driver's license 
exam. ■ 



FAST TRACK 



Take advantage of 
annual checkups 
and sports 
physicals to ask 
about use of 
performance- 
enhancing 
substances 



Correspondence 

Marifel Mitzi F. Fernandez, MD, 600 Woodside Drive, 
Cornell, Wl 54732; mffernandezmd@gmail.com 

Disclosures 

The authors reported no potential conflicts of interest 
relevant to this article. 

References 

1. De Rose E. Doping in athletes - an update. Clin 
Sports Med. 2008;27:1 07-1 30. 

2. Di Luigi L Supplements and the endocrine system 
in athletes. Clin Sports Med. 2008;27:1 31 -1 51 . 

3. Parkinson A, Evans N. Anabolic androgenic ste- 
roids: a survey of 500 users. Med Sci Sports Exerc. 
2006; 38:644-651 . 

4. National Institute on Drug Abuse. Monitoring the 
future. National results on adolescent drug use. 
Overview of key findings. National Institutes of 



Health. 2007. Available at: http://monitoringthefu- 
ture.org/pubs/monographs/overview2007.pdf. Ac- 
cessed November 22, 2008. 

5. Centers for Disease Control and Prevention. Youth 
risk behavior surveillance-United States, 2007. 
MMWR. 2008;57 (SS-4). Available at http://www. 
cdc.gov/HealthyYouth/yrbs/pdf/yrbss07_mmwr. 
pdf. Accessed November 22, 2008. 

6. Hoffman J, Faigenbaum A, Ratamess NA, et al. Nu- 
tritional supplementation and anabolic steroid use in 
adolescents. Med Sci Sports Exerc. 2008;40:1 5-24. 

7. Faigenbaum A, Zaichkowsky L, Gardner DE, et al. 
Anabolic steroid use by male and female middle 
school students. Pediatrics. 1998;101:E6. 

8. Calfee R, Fadale P. Popular ergogenic drugs 
and supplements in young athletes. Pediatrics. 
2006;1l7:e577-589. 

9. Tokish J, Kocher M, Hawkins R. Ergogenic aids: 
a review of basic science, performance, side ef- 
fects, and status in sports. Am J Sports Med. 
2004;32:1543-1553. 

1 0. Bhasin S, Storer TW, Berman N, et al. The effects of 
supraphysiologic doses of testosterone on muscle 
size and strength in normal men. N Engl J Med. 
1996;335:1-7. 

11. McDevitt E. Ergogenic drugs in sports. DeLee & 
Drez's Orthopaedic Sports Medicine. Philadelphia: 
Elsevier Science; 2003:47 1 -483. 

1 2. Kibble M, Ross M. Adverse effects of anabolic ste- 
roids in athletes. Clin Pharmpoe. 1987;6:686-692. 

1 3. Kutscher EC, Lund BC, Perry PJ. Anabolic steroids: 
a review for the clinician. Sports Med. 2002;32:285- 
296. 

14. Blue JG, Lombardo JA. Steroids and steroid-like 
compounds. Clin Sports Med. 1999;18:667-689. 

15. Rockhold R. Cardiovascular toxicity of anabolic 
steroids. Ann Rev Pharmacol Toxicol. 1 993;33:497- 
520. 

1 6. Parssinen M, Kujale U, Vartainen E, et al. Increased 
premature mortality of competitive power lifters 
suspected to have used anabolic agents. Int J 
Sports Med. 2000;21 :225-227. 

1 7. Nieminen MS, Ramo MP, Viitasalo M, et ai. Seri- 
ous cardiovascular side effects of large doses of 
anabolic steroids in weight lifters. Eur Heart J. 
1996;17:1576-1583. 

18. Parssinen M, Seppala T. Steroid use and long- 
term health risks in former athletes. Sports Med. 
2002;32:83-94. 

19. Dhar R, Stout W, Link MS, et al. Cardiovascular 
toxicities of performance-enhancing substances in 
sports. Mayo Clin Proc. 2005;80:1307-1315. 

20. Melchert RB, Welder AA. Cardiovascular effects of 
androgenic anabolic steroids. Med Sci Sports Ex- 
erc. 1995;27:1252-1262. 

21 . Sullivan M, Martinez C, Gennis P, et al. The cardiac 
toxicity of anabolic steroids. Prog Cardiovasc Dis. 
1998;41:1-15. 

22. Malvey T, Armsey T. Tetrahydrogestrinone: the dis- 
covery of a designer steroid. Curr Sports Med Rep. 
2005;4:227-230. 

23. Noakes TD. Tainted glory - doping and athletic per- 
formance. N Engl J Med. 2004;351 :847-849. 

24. Fourcroy J. Designer steroids: past, present and 
future. Curr Opin Endocrinol Diabetes Obes. 2006; 
13:306-309. 

25. Death A, McGrath K, Kazlauskas R, et al. Tetrahy- 
drogestrinone is a potent androgen and progestin. 
J Clin Endocrinol Metabol. 2004;89:2498-2500. 

26. Center for Food Safety and Applied Nutrition. Food 
and Drug Administration. Questions and Answers. 



22 



VOL 58, NO 1 / JANUARY 2009 THE JOURNAL OF FAMILY PRACTICE 



Performance-enhancing drugs snare nonathletes, too 4 



Androstenedione. March 11, 2004. Available at: 
http://www.cfsan.fda.gov/~dms/androqa.htmL Ac- 
cessed November 22, 2008. 

27. King DS, Sharp RL, Vukovich MD, et al. Effect of 
oral androstenedione on serum testosterone & 
adaptations to resistance training in young men. 
A randomized control trial. JAMA. 1999;281:2020- 
2028. 

28. Breeder C, Quindry J, Brittingham K, et al. The An- 
dro project. Physiological & hormonal influences 
of androstenedione supplement in men 35 to 65 
years old participating in a high-intensity resistance 
training program. Arch Intern Med. 2000;1 60:3093- 
3104. 

29. Leder B, Longcope C, Catlin DH, et al. Oral an- 
drostenedione administration and serum tes- 
tosterone concentrations in young men. JAMA. 
2000;283:779-782. 

30. Yesalis C, Bahrke M. Anabolic-androgenic steroids 
and related substances. Curr Sports Med Rep. 
2002;1:246-252. 

31 . Arlt W, Justl HG, Callies F, et al. Oral dehydroepi- 
androsterone for adrenal androgen replacement: 
pharmacokinetics and peripheral conversion to 
androgens and estrogens in young healthy females 
after dexamethasone suppression. J Qin Endocri- 
nol Metab. 1998;83:1928-1934. 

32. Boyce EG. Use and effectiveness of performance- 
enhancing substances. J Pharm Pract. 2003; 
16:22-36. 

33. Meyers DE, Cuneo RC. Controversies regarding 
the effects of growth hormone on the heart. Mayo 
Clin Proc. 2003;78:1521-1526. 

34. Dean H. Does exogenous growth hormone improve 
performance? Clin J Sports Med, 2002; 12:250- 
253. 

35. McDuff DR, Baron D. Substance use in athletics: 
a sports psychiatry perspective. Clin Sports Med. 
2005;24:885-897. 

36. Keisler BD, Hosey RG. Ergogenic aids: an update 
on ephedra. Curr Sports Med Rep. 2005;4:231- 
235. 

37. Sinclair CJ, Geiger JD. Caffeine use in sports. A 
pharmacologic review. J Sports Med Phys Fitness. 
2000;40:71-79. 

38. US Food and Drug Administration. Questions and 
answers about FDA's actions on dietary supple- 
ments containing ephedrine alkaloids. Febru- 
ary 6, 2004. Available at: http://www.fda.gov/oc/ 
initiatives/ephedra/february2004/qa_020604.html. 
Accessed November 23, 2008. 

39. Motl R, O'Connor P, Tubandi L, et al. Effect of caf- 
feine on leg muscle pain during cycling exercise 
among females. Med Sci Sports Exerc. 2006; 
38:598-604. 



40. Del Coso J, Estevez E, Mora-Rodriguez R. Caffeine 
effects on short-term performance during pro- 
longed exercise in the heat. Med Sci Sports Exerc. 
2008;40:744-751. 

41. Schneiker KN, Bishop D, Dawson B, et a(. Effects 
of caffeine on prolonged intermittent-sprint abil- 
ity in team sport athletes. Med Sci Sports Exerc. 
2006;38:578-585. 

42. Keisler BD, Armsey TD. Caffeine as an ergogenic 
aid. Curr Sports Med Rep. 2006;5:215-219. 

43. Rogers N, Dinges D. Caffeine: implications for 
alertness in athletes. Clin Sport Med. 2005;24:e1 - 
e13. 

44. Kraemer W, Volek J. Creatine supplementation, 
its role in human performance. Clin Sports Med. 
1999;18:651-666. 

45. Harris RC, Soderlund K, Hultman E. Elevation of 
creatine in resting and exercised muscle of normal 
subjects by creatine supplementation. Clin Sci. 
1992;83:367-374. 

46. Demant TW, Rhodes EC. Effects of creatine sup- 
plementation on exercise performance. Sports 
Med. 1999;28:49-60. 

47. Balsom PD, Harridge S, Soderlund K, et al. Cre- 
atine supplementation per se does not enhance 
endurance exercise performance. Acta Physiol 
Scand. 1993;149:521-523. 

48. Metzl J, Small E, Levine SR, et al. Creatine use 
among young athletes. Pediatrics. 2001 ; 108:421 - 
425. 

49. Longman J. New suspect in sports doping is, 
no joke, Viagra. The New York Times. Novem- 
ber 23, 2008. Available at: http://www.nytimes. 
com/2008/1 1 /23/sports/23viagra.html?scp=2&sq 
=Viagra&st=cse. Accessed November 23, 2008 

50. Ghofrani HA, Reichenberger F, Kohstall MG, et al. 
Sildenafil increased exercise capacity during hy- 
poxia at low altitudes and at Mt. Everest base camp: 
a randomized, double-blind, placebo-controlled 
crossover trial. Ann Intern Med. 2004;141:169- 
177. 

51 . Hsu AR, Barnholt KE, Grundman NK, et al. Silde- 
nafil improves cardiac output and exercise perfor- 
mance during acute hypoxia, but not normoxia. J 
Appl Physiol. 2006;1 00:2031 . 

52. Kurtzweil P. An FDA guide to dietary supplements. 
FDA Consumer. Sept-Oct, 1 998. Available at: http:// 
www.fda.gov/fdac/features/1 998/598_guid. html. 
Accessed November 23, 2008. 

53. Geyer H, Parr M, Mareck U, et al. Analysis of non- 
hormonal nutritional supplements for anabolic-an- 
drogenic steroids— results of an international study. 
Int J Sports Med. 2004;25:124-129. 



FAST TRACK 



JC thought the 
dietary supplement 
he used was natural 
and therefore 
harmless. Not so 




Introducing... 

The Journal of Family Practice's 




* What is JFPFindit? 

A lightning-fast 
search tool for family 
physicians 



* How does JFPFindit work? 

Easy as 1-2-3! 

1. Go to www.jfponline.com 

2. Type your search term into 
the JFPFindit box at top 

3. Click on search 



* What does JFPFindit 
do for you? 

• Conducts fast, targeted Inter- 
net searches 

• Searches trusted Web sites 

• Broadens or narrows searches 
as needed 



* What does JFPFindit search? 
Only what you want! 

• Sites relevant to family medicine 

• Millions of pages, minus any 
unproductive sites 

• Complete JFP archives 



# 



•4 



# 



BRIEF REVIEWS \M 



CO 

— — r& 

International Journal of Sports Physiology and Performance, 20O6;1 :31 1 -323 j g- 

© 2006 Human Kinetics, Inc. f O 

h CO 

■ 3 

'i ^ 
•:; ~o 

« 

o 

cL 

CD 



Side Effects of Creatine 
Supplementation in Athletes 

Marc Francaux and Jacques R. Poortmans 



Key Words: body composition, resistance training, kidney, skeletal muscle, 
liver 



TO 

£ 

tt3 



CO 
CL 



o 

CD 



Context: Allegations about side effects of creatine supplementation by athletes 
have been published in the popular media and scientific publications. Purpose: _^ 
To examine the experimental evidence relating to the physiological effects of ; -j| 

creatine supplementation. Results: One of the purported effects of oral creatine ?; 1o 

supplementation is increased muscle mass. A review of the literature reveals a 
1 .0% to 2.3% increase in body mass, which is attributed to fat-free mass and, more 
specifically, to skeletal-muscle mass. Although it is unlikely that water retention 
can completely explain these changes, increase in muscle-protein synthesis has 
never been observed after creatine supplementation. Indirect evidence based on *g 
mRN A analyses suggests that transcription of certain genes is enhanced. Although £p 
the effect of creatine on muscle-protein synthesis seems irrefutable according to j5 
advertising, this allegation remains under debate in the scientific literature. The ^ 
kidneys appear to maintain their functionality in healthy subjects who supplement g 
with creatine, even over several months. Conclusion: The authors, however, think 13 
that creatine supplementation should not be used by an individual with preexisting ^ 
renal disease and that risk should be evaluated before and during any supplementa- 
tion period. Even if there is a slight increase in mutagenic agents (methylamine 
and formaldehyde) in urine after a heavy load of creatine (20 g/day), their excre- 
tion remains within a normal range. No data are currently available regarding jg 
the potential production of heterocyclic amines with creatine supplementation. 8 
In summary, the major risk for health is probably associated with the purity of 

commercially available creatine. £ 
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Concerns about the deleterious consequences of oral creatine supplementa- .j > 

tion were initiated in 1998 when 2 British nephrologists published a paper titled j g> 
"Renal dysfunction accompanying oral creatine supplements" in The Lancet. 1 They 
reported the case of a 25-year-old man having suffered 8 years of a focal segmental 

glomerulosclerosis and presenting frequent nephrotic relapses. For the preced- § 

ing 5 years the patient had required treatment with cyclosporine, a well-known ;<§ 
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nephrotoxic drug. As a soccer player, he started to ingest creatine in mid- August 
1997 at a dose of 5 g 3 times per day for 1 week, followed by a maintenance dose 
of 2 g/d for 7 weeks. His glomerular filtration rate dropped by 50%. The reduced 
rate indicated an impaired kidney, which was gradually restored to normal func- 
tion 1 month after the athlete stopped the supplementation. Three days after this 
publication the famous French sport newspaper UEquipe (April 28, 1998) claimed 
that creatine is harmful for anyone in any condition. This news was quickly spread 
around the world by various media agencies, generating concern among athletes 
who consumed creatine on a regular basis. A few weeks later, we reported in the 
same journal that no adverse effects of creatine on kidney function were evident 
in a group of young healthy adults who supplemented over a period of 9 weeks. 2 
This outcome indicated that the observation of Pritchard and Kalra 1 should not be 
generalized to all creatine consumers. Nonetheless, this particular case shed light 
on a potential deleterious side effect of creatine supplementation in athletes. 

The controversy surrounding the deleterious side effects of creatine supplemen- 
tation appeared again in 2001 when the French Agency for Food Safety published 
a report in which it presented creatine as a mutagenic and carcinogenic agent. 3 
At that time, there was no scientific evidence to support the agency's allegations, 
which were based on a theoretical model of creatine degradation. 

A few years ago, the Web site of the US FDA (Food and Drug Administration) 
displayed a list of complaints reported by consumers or health-care professionals 
regarding creatine supplementation. A Web search for October 1998 revealed 32 
matches for dyspnea, fatigue, grand mal seizure, intracerebral hemorrhage, vomit- 
ing, diarrhea, nervousness and anxiety, polymyositis, myopathy, rhabdomyolysis, 
severe stomach cramps, deep-vein thromboses, atrial fibrillation, cardiac anrhythmia, 
chest pain, and even death! Meanwhile, the FDA asked the public to keep in mind 
that there was "no certainty that a reported adverse event can be attributed to a 
particular product or ingredient. The available information might not be complete 
enough to make this determination." In other words, there was no scientific evi- 
dence to correlate oral creatine supplementation with any of these reported adverse 
effects. The FDA has now removed this page from its Web site. 

Debate on the side effects induced by creatine supplementation is often based 
on emotional arguments rather than on rationality. To draw clear recommenda- 
tions for safe use of creatine in athletes, we reviewed the scientific evidence on 
the possible side effects induced by creatine consumption in humans. The reader 
should keep in mind that the goal of this review is not to examine the efficiency of 
creatine supplementation for sport performance. Details on the ergogenic effects 
of creatine are available elsewhere. 4 5 

Total Body Mass 

One of the purported side effects of oral creatine supplementation regularly men- 
tioned by consumers is increased total body mass, particularly muscle mass. On 
scientific grounds, the situation is less clear. Indeed, the average increase in body 
mass reported in the literature amounts to 1 to 2 kg, or 1% to 2.3% of total body 
mass (for a review, see Terjung et al 5 ). Nevertheless, about 30% of published 
articles do not report any change in body mass (for example, McConell et al 6 and 
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Peyrebrune et al 7 ). Tentative explanations put forward for this apparent discrepancy 
between results focus on the characteristics of the subjects and the supplementation 
protocol. Sedentary people, physically active individuals, and recreational athletes 
seem to respond equally to oral creatine supplementation. Individuals need not 
follow a specific resistance-training program to increase body mass in response to 
oral creatine supplementation, 8 although such a program potentiates the effects of 
creatine. 9 Increases in body mass have been reported in both men 8 and women, 10 
as has a lack of changes, 1011 Differences by sex have not been systematically 
studied. For instance, studies neither controlled for menstrual cycle nor reported 
any procedure to prevent subjects from otherwise affecting their own body mass 
during the supplementation period. Therefore, it is hazardous to speculate any 
dependence on sex. The duration of the supplementation does not seem to influ- 
ence the presence of significant changes in body mass. Indeed, the proportion of 
studies reporting an effect on body mass is similar between short-term (<10 days) 
and medium-term studies (>10 days). 12 Presently, we have no convincing argument 
to explain why about 30% of the studies do not report any change in body mass 
after creatine supplementation. 

Fat-Free Mass 

A dozen studies have investigated changes in fat-free mass after creatine supple- 
mentation (eg, Willoughby and Rosene 9 and Vandenberghe et al 10 ). Ninety percent 
of these studies reported a higher increase in fat-free mass than in total body mass. 
The increase might even reach 6% after sustained creatine supplementation. 

The increase in fat-free mass could be attributed more specifically to change 
in muscle mass. There are a few recent studies that investigated changes in muscle 
volume using either anthropometric dual-energy X-ray absorptiometry (DEXA) or 
magnetic-resonance imaging (MRI) techniques after creatine supplementation. 94316 
In most cases, a direct effect on muscle volume was observed, with a mean increase 
of 12% when supplementation and training were maintained for several weeks. 
Thus, one might conclude that oral creatine supplementation has a direct effect 
on muscle mass. This increase might be a result of water retention in muscle or of 
increases in dry matter, possibly glycogen and proteins. 

Hultman et al 17 suggested that the increase in body mass during acute creatine 
supplementation is attributable to water retention because they observed a 0.6-L 
decline in urinary volume after ingestion of creatine 20 g for 6 days. Based on this 
indirect evidence, the notion that creatine supplementation increases muscles' water 
content has been widely accepted. Nonetheless, the mechanisms by which creatine 
supplementation could increase intracellular water remain unclear. Creatine is a 
highly polar molecule that plays a major role in regulating osmolality in the cells. 
Without exchange of other ions, an increase in creatine content should increase 
cellular osmolality and, consequently, intracellular water volume. When exposed 
to an osmotic shock, cells respond initially by a rapid swelling, followed after a 
few seconds by active extrusion of intracellular osmotically active solutes such 
as inorganic ions or organic molecules. This second phase is called the regulatory 
volume decrease. Assuming a 20% higher creatine content after supplementation, 
the osmolarity of the cell increases by only 2% to 3%, a change that should be 
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easily controlled by regulatory volume decrease. A second possible explanation 
is based on the fact that the entry of creatine into muscle sarcoplasm is governed 
by a Na + -dependent transporter. 18 Nevertheless, considering the high activity of 
Na + -K + pumps, it is unlikely that intracellular Na + concentration is significantly 
affected by creatine supplementation. Another explanation involves a higher 
glycogen content (-25%) observed when creatine supplementation is combined 
with resistance training. 19 While stored in skeletal muscle, 1 g of glycogen is 
accompanied by 2 to 3 g of water, which could explain an increase in water muscle 
content of ~300g. 

In 1999 we measured changes in intracellular and extracellular water volumes 
(by multifrequency bioimpedance) in subjects undergoing creatine supplementation 
over a period of 9 weeks. 20 Although body mass increased by 2 kg, the relative 
volume of body- water compartments was not affected, suggesting that the increase 
in body mass after creatine supplementation cannot be attributed to water retention 
but is probably caused by proportionate increases in dry matter. 

Skeletal-Muscle Mass 

Most, if not all, commercial and anecdotal claims of the beneficial effects of creatine 
supplementation center on the increase in skeletal-muscle protein mass. Several 
scientific publications also emphasize the higher content of muscle proteins by 
association with the increases in body mass or fat-free mass. The pertinent ques- 
tion for researchers and practitioners is whether there is sufficient experimental 
evidence to support these claims. 

Parise et al 21 studied the effect of acute creatine monohydrate supplementation 
on muscle-protein synthesis in fasted adult human subjects. Young, healthy men 
and women were allocated to creatine (20 g/d for 5 days followed by 5 g/d for 4 
days) or placebo. The rate of incorporation of infused 13 C-leucine into the protein 
pool was measured. These authors concluded that there was no substantial increase 
of muscle-protein synthesis under creatine supplementation. To determine whether 
feeding is required to allow creatine to stimulatej)rotein synthesis, we have used a 
similar technique to measure creatine levels in the vastus lateralis in fasted and fed 
states before and after creatine supplementation (21 g/d for 5 days). We have also 
quantified muscle-protein breakdown in the forearm by arteriovenous differences in 
L-[ 2 H 5 ]-phenylalanine. 22 Feeding led to a doubling of protein synthesis and a 40% 
depression of muscle-protein breakdown, but no effect of creatine monohydrate 
was found. We further examined the possible stimulatory effect of creatine loading 
(21 g/d for 5 days) in conjunction with acute resistance exercise on an isokinetic 
dynamometer (20 x 10 repetitions of leg extension-flexion at 75% of 1 -repetition 
maximum, before and after creatine intake). 23 Exercise increased the synthesis 
rates of myofibrillar and sarcoplasmic proteins by twofold to threefold, and protein 
breakdown diminished, but creatine loading had no anabolic effect. Clearly, both 
exercise and food are much stronger stimuli for protein synthesis than creatine 
intake is in healthy adult individuals. 

A few recent studies used different molecular-biology techniques to investigate 
muscle-specific gene expression and regulatory signals of protein synthesis. Wil- 
loughby and Rosene 9 investigated the effect of oral creatine on myosin heavy-chain 
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expression in adult male subjects after resistance training. The results of 12 weeks 
of resistance training showed that the expression of myosin heavy-chain mRNA 
was increased more substantially in the group receiving creatine than in the group 
receiving a placebo. In addition, Deldicque et al 24 investigated the effect of creatine 
supplementation on insulinlike growth factor (IGF-I and IGF-II) mRNA expression, 
including the PI3K-Akt/PKB-mTOR-signaling pathway, in adult human skeletal 
muscle. IGF-I and IGF-II mRNA were slightly, but significantly, increased after 
creatine supplementation (5 days, 21 g/day). IGFs stimulate the PI3K-Akt/PKB- 
mTOR-signaling pathway, which is involved in the regulation of skeletal-muscle 
fiber size and stimulation of translation initiation by activating the mammalian 
target of rapamycin (mTOR) and 2 of its downstream effectors, namely, p70 s6k and 
4E-BP1 (eukaiyotic initiation factor-4E binding protein- 1). The subjects underwent 
a resistance-exercise session consisting of a 1-leg knee extension, and muscle 
biopsies were taken before and after the exercise test. Although resistance exercise 
was shown to increase both IGF-I and IGF-II mRNA, creatine did not potentiate 
this effect. Three hours after stopping the exercise, creatine supplementation did 
not induce any change in p70 s6k or 4E-BP1 expression as compared with placebo 
treatment The phosphorylation of the 4E-BP1 factor, however, displayed a slight 
increase at 24 hours postexercise under the creatine-supplementation condition. 
Willoughby and Rosene 25 reported a positive effect of oral creatine and resistance 
training on key myogenic regulatory factor expression. Their study suggested 
that 12 weeks of creatine supplementation, in conjunction with heavy resistance 
training, increased the mRNA expression of muscle creatine kinase by way of a 
pretranslational mechanism, likely because of the concomitant increases in the 
expression of myogenin and MRF4 (myogenic regulatory factor 4). 

Olsen et al 26 recently investigated the influence of creatine-monohydrate (6 to 
24 g/d) or protein (20 g/d) supplementation on satellite-cell density and myonuclei 
number in healthy adult men during 16 weeks of heavy resistance training. The 
results of this study showed that, after 16 weeks of training, mean muscle-fiber area 
increased by 17% after creatine supplementation, 8% after protein supplementation, 
and 4% in a placebo group. The author concluded that creatine supplementation in 
combination with strength training amplifies training-induced increases in satellite- 
cell number and myonuclei concentration in adult human skeletal fibers, facilitating 
enhanced muscle-fiber growth in response to strength training. 

Hespel and colleagues 27 investigated the effect of creatine supplementation 
on muscle recovery during rehabilitative strength training. Casts were used to 
immobilize the right legs of their volunteers for 2 weeks. Thereafter, the subjects 
participated in a knee-extension rehabilitation program for 10 weeks. Immobiliza- 
tion decreased quadriceps-muscle cross-sectional area by 10% and maximal power 
output by 25% by the same magnitude in the creatine and placebo conditions. 
Dining rehabilitation, cross-sectional area and maximal power output recovered 
more quickly with creatine. Muscle biopsies were also taken before and after 
immobilization, as well as after the rehabilitation program. Immobilization did not 
change myogenic-factor protein expression. After rehabilitation, myogenin was 
increased in placebo but not in creatine, though, whereas MRF4 was increased in 
creatine but not in placebo. The change in MRF4 expression was correlated with 
the change in mean muscle-fiber diameter. These results indicate that creatine 
does not affect muscle wasting induced by immobilization but stimulates muscle 



o 

( O 



i 

2 

Q_ 
CD 

£r 

E 
c 

CO 

CO 
CL 

CO 
CD 

o 

CD 



2 



., CO 

% c 

>; .o 

I *co 



CD 



8 

' £ 

"cL 

< 8 

\ S 

:| CD 

i co 

; CL 
CO 

c 
o 



03 

S 

CD 



316 Francaux and Poortmans 



3 
a> 

! 
o 

Z5 

3= 
v> 

eg 

CD 

03 
</} 

8 
s 

3 

CD 
O 
0_ 

CD 

a 

o 

Z3 



■3= 

CD 



CD 
CL 



CD 

cr 
^< 



£ i. 

^ I 

-I 

3 * 
cr 

CD 

3 



CD 
CL 



a 

o 
o 



o> 



regrowth during rehabilitative strength training. This effect appears to be mediated 
by MRF4 and myogenin expression. 

In conclusion, despite the activation by some muscle signals, creatine supple- 
mentation does not seem to have induced a significant increase in protein synthesis 
or a decrease in muscle proteolysis. 

Muscle Cramps 

Anecdotal reports from athletes have claimed that creatine supplementation might 
induce muscle cramps. The prevalent explanation for this potential side effect is 
an imbalance in muscle electrolytes. Kreider et al, 28 however, investigated athletes 
involved in heavy resistance training (5 hid) for 28 days. The athletes supplemented 
daily with 15.75 g of creatine monohydrate. There was no evidence of muscle 
cramping during resistance-training sessions or during performance trials. Along 
the same line, Vandenberghe et al 10 pursued a study on sedentary female subjects 
who were involved in a 10- week resistance-training program with creatine supple- 
mentation (20 g/d for 4 days, then 5 g/d up to 10 weeks). No spontaneous side 
effects were reported during the entire duration of the study. Nevertheless, Juhn and 
colleagues 29 reported muscle cramping in 25% of 52 baseball and football players 
who supplemented with 6 to 8 g/d during 5 months and 3 months, respectively. 
Later studies on 96 young healthy subjects trained over 3 years 30 and 10 older 
men involved in resistance training reported no cramping associated with creatine 
supplementation. 31 

The anecdotal reports of muscle cramps might be related to the intensity of 
exercise rather than creatine supplementation. Keeping athletes well hydrated could 
reduce this risk. Moreover, psychological stimulation could lead an individual to 
exercise over his or her optimal intensity. Further epidemiological studies should 
be conducted to clarify the potential side effects of muscle cramping with creatine 
supplementation. 

Gastrointestinal Complains 

There have also been some anecdotal claims that creatine supplementation evoked 
gastrointestinal distress (stomach upset, vomiting, diarrhea) in consumers of oral 
creatine, but these assertions are not supported by scientific evidence. The literature 
lacks precise information on this matter. Nevertheless, one report from Vanden- 
berghe et aP 2 stated that one third of their subjects (3/9) had minor gastrointestinal 
distress during 3 days of creatine (0.5 g ■ kg" 1 • d^ 1 ) and caffeine (400 mg/d) supple- 
mentation. In addition, Juhn et al 29 reported diarrhea in 31% of their baseball and 
football players who supplemented with 6 to 8 g of creatine monohydrate during 5 
and 3 months of training, respectively. These authors suggested that this side effect 
might be the result of the unusually high osmotic load imposed on the digestive tract 
of some subjects. On the contrary, Kreider et al 28 did not observe any disturbances 
in their subjects. Greenhaff 33 supported this observation, with his sample ingesting 
20 g of creatine per day. Greenhaff reported, however, that some discomfort can 
occur if creatine is incompletely dissolved before ingestion. Athletes and coaches 
should be reminded to ensure that creatine is well dissolved before ingestion. 
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Liver Dysfunction 

Despite the allegations published in sports newspapers and periodicals, there is 
little scientific information on liver-metabolism changes induced by oral creatine 
supplementation. Some publications have reported data on liver function in individu- 
als taking creatine supplements. 3435 No changes in enzyme levels were observed 
during supplementation. Additional information was obtained after oral creatine 
supplementation in trained subjects. 12 No statistical differences were observed 
throughout die study as far as alkaline phosphatase, aspartate transaminase, alanine 
transaminase, and gamma glutamyl transpeptidase were concerned. Thus, there is 
no reason to believe that oral creatine supplementation would induce changes in 
liver function in healthy human subjects. 

Kidney Impairment 

Creatine load (from 2 to 20 g/d) seems to be totally absorbed by the intestinal tract 
Skeletal muscle cannot take up all this excess, so a large amount of ingested creatine 
is excreted in the urine (40% to 72%). The first investigations on renal function in 
healthy individuals who consumed oral creatine supplements were published 7 to 9 
years ago. 2 - 36 - 37 We compared renal clearances of creatinine, urea, and albumin in 3 
different groups of active subjects who consumed creatine for 5 days, 9 weeks, and 
up to 5 years with the clearances in control groups. We did not observe statistical 
differences between the control and creatine groups. Lately, several other investiga- 
tions have supported our primary results on glomerular-filtration rate. From these 
experiments we can state that glomerular-filtration rate and the tubular reabsorp- 
tion process were not affected by oral creatine supplementation of the usual daily 
amount (20 g/d for 5 days, <5 g/d thereafter). Kreider et al, 34 in a large survey (98 
subjects) on regular creatine users who consumed the supplement for 21 months, 
reached the same conclusion. 

Furthermore, we did not observe any modification induced by creatine loading 
on urine albumin-excretion rate, which remained within the physiological range for 
healthy subjects. Microalbuminuria is a well-known predictor of kidney impair- 
ment. The excretion rate of plasma albumin in urine has been widely used to assess 
increased glomeralar-membrane permeability in many pathological conditions. A 
subclinical increase in urinary albumin-excretion rate is a powerful predictor of 
renal failure. The upper level of albumin excretion in a healthy population under 
resting conditions is 20 jxg/min. Under various conditions of oral creatine supple- 
mentation in healthy subjects, we never observed increased albumin excretion in 
comparison with a placebo investigation or a control population. 2 ' 36 37 Thus, we think 
that glomerular-membrane permeability is not affected by creatine-monohydrate 
supplementation in healthy subjects. 

Nevertheless, in 1998, Pritchard and Kalra 1 introduced the first case of kidney 
damage induced after creatine supplementation. Koshy et al 38 published another 
case report of interstitial nephritis in a patient who had taken 20 g of creatine daily 
for 4 weeks. This previously healthy man presented a 4-day history of nausea, 
vomiting, and bilateral flank pain. He was hospitalized with a serum creatinine 
concentration of 2.3 mg/100 mL (normal upper range limit: 1.5 mg) and a urine 
protein excretion of 472 mg/d (normal upper range limit: 150 mg/100 mL). Arenal 
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biopsy revealed acute focal interstitial nephritis and acute tubular injury. After the 
patient stopped taking creatine, his renal function became normal. This is only 1 
case out of thousands of regular creatine consumers, but it emphasizes our recom- 
mendation to be tested regularly with urinalysis. 

Five other anecdotal cases (abstract reports) have been published in the recent 
literature. To be modestly critical, however, we found these reports somewhat dubi- 
ous despite the diagnosis of acute renal failure. The individual doses and duration 
were not reported for 3 individuals, and the other 2 might have consumed other 
unknown substances such as steroids. Thus, the absence of controlled experimen- 
tation precludes the (tentative) hypothesis that creatine supplementation induces 
kidney impairment in healthy subjects. 

Mutagenicity and Carcinogenicity Risks 
of Excess Creatine Supplementation 

Based on the excellent and comprehensive review by Wyss and Kaddurah-Daouk 39 
on creatine and creatinine metabolism, 3 the French Agency for Food Safety claimed 
unequivocally that excess consumption of creatine and creatinine might induce 
derived carcinogenic and mutagenic compounds that could put athletes and con- 
sumers of exogenous creatine at risk. 3 Indeed, the excess conversion of creatine to 
sarcosine might result in cytotoxic agents such as methylamine. The latter has been 
found to be deaminated by semicarbazide-sensitive amine oxidase (EC 1.4.3.6) to 
produce formaldehyde and hydrogen peroxide. Methylamine and formaldehyde 
are well-known cytotoxic agents, the presence of which can be revealed by urine 
analysis. Formaldehyde has the potential to cross-link proteins and DNA, leading 
to cytotoxicity and carcinogenic effects in cells. The toxic aldehyde is related to 
different pathological conditions such as vascular damage, diabetic complications, 
and nephropathies. 

Recently, we investigated 20 healthy young men who supplemented daily with 
21 g creatine monohydrate for 14 days. 40 We collected 24-hour urine before and 
after creatine supplementation and measured creatine, creatinine, methylamine, 
formate, and formaldehyde concentrations. Table 1 presents the changes in urine 
excretion of formaldehyde, formate, and methylamine from before to after creatine 
supplementation. Twenty-four-hour urine output of methylamine and formaldehyde 



Table 1 Mean Values (± SEM) of Urine Contents Before and After 
Creatine Supplementation, 21 g/d for 14 Days* 



i 





Before creatine 


After creatine 


Methylamine (mg/24 h) 


0.69 ± 0.06 


6.41 ± 1.45f 


Formaldehyde (|ig/24 h) 


64.78 ± 16.28 


290.4 + 66.3f 


Formate (mg/24 h) 


12.46+1.04 


14.16+1.84 


Albumin (mg/24 h) 


9.78 + 1.93 


6.97 ±1.15 



tP < .001 between values before and after creatine supplementation. 
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increased 9.2-fold and 4,5-fold, respectively (P < .001) after creatine feeding, with 
no increase in formate excretion. There was no correlation between plasma creatine 
and urine methylamine (r 2 = .025, P = not significant) or formaldehyde (r 2 = .017, 
P = not significant). 

The results of our investigation indicate that short-term oral creatine supple- 
mentation in healthy subjects enhances the mechanisms leading to the conversion 
of creatine to sarcosine and then to methylamine, the latter giving rise to formal- 
dehyde. The conversion of formaldehyde to formate should be rather rapid in cells, 
the latter product representing indirectly the production of the former substrate. 
Using rat and mice models, Yu and Deng 41 demonstrated that in vivo deamination 
of methylamine produces formaldehyde and hydrogen peroxide, which are both 
recognized as cytotoxic substances. Consequently, they hypothesized that chronic 
administration of large quantities of creatine as an ergogenic supplement would 
increase the production of methylamine and subsequently formaldehyde, both being 
potentially cytotoxic. Our results support this mechanism in humans. 

Nevertheless, the 9.2-fold increase in methylamine urine excretion induced 
by creatine ingestion did not reach the normal upper-limit values from healthy 
humans, up to 35 mg/d (mean ± 3 SD). After creatine supplementation, urine 
formate excretion also remained below the upper range (14 to 20 mg/d) reported 
in healthy subjects. Under creatine supplementation, however, the urine excretion 
of formaldehyde increased by 4.5-fold. 

Because creatine is transformed to sarcosine by microbial enzymatic reac- 
tions, it is likely that methylamine is formed in the intestine and therefore might 
damage the intestinal epithelium. Methylamine is toxic to human endothelial cells 
and forms patchlike lesions and even kidney damage. In mammals, semicarbazide- 
sensitive-amine-oxidase activity has been found in various tissues associated with 
the vascular system. Therefore, it is likely that the deamination of methylamine 
occurs in the circulation. It is possible that this flooding of methylamine in blood, 
together with semicarbazide-sensitive amine oxidase, might produce formaldehyde, 
which could favor microangiopathy in the renal glomeruli, but we did not observe 
any of these outcomes in these subjects. 40 

Even if deleterious systemic effects were not apparent, we cannot exclude the 
possibility that a systematic production of low extra doses of cytotoxic agents could 
induce nephropathy. Clearly, epidemiological data are required to evaluate potential 
risks over a larger cohort of individuals. The results of the present investigation 
suggest that medical supervision should be considered if athletes wish to use high 
doses of creatine over extended periods of time. Kidney function of subjects who 
supplemented with creatine on a regular basis should be systematically monitored 
throughout the ingestion period. 

The negative opinions on oral creatine supplementation center on the purported 
carcinogenic effect of creatine. Based on current knowledge, the probability that 
nitrosation products of creatine are formed in the stomach to any significant extent 
is close to zero. A very recent short publication by Derave and colleagues 42 supports 
this conclusion. In a double-blind, placebo-controlled study, these authors inves- 
tigated the urinary excretion of N-riitrososarcosine after 1 week of high-dose (20 
g/d) and 20 weeks of low-dose (5 g/d) creatine supplementation in healthy humans. 
They concluded that creatine ingestion does not increase the urinary excretion of 
the carcinogen N-nitrososarcosine. 



■I 8- 

j o 

1 3 



i 

§. 

CD 
£> 

>^ 
TO 

E 

-o 

cz 

CO 
CO 



2? 

CD 
cz 
"o 



O 

CO 
-Q 

Lj 

16 
cz 
o 

is 

CD 

& 

cz 

o 



8 

CD 

E 
o 

a> 
'cL 

8 

CO 

• 5 

i CD 

: a> 

CO 
Q_ 

CO 



o 



& 

ca 

E 

CD 



t 



320 Francaux and Poortmans 



Wyss and Kaddurah-Daouk 39 reported in a review that food processing, in 
particular frying and broiling meat, is associated with the generation of mutagenic 
and carcinogenic substances, namely, the amino-imidazo-azaarenes products that we 
shall call the heterocyclic amines for simplicity. Identifying heterocyclic amines in 
human urine is not an easy procedure. The analytical methods involve solid-phase 
extraction and quantification by combined liquid chromatography and tandem 
mass spectrometry to identify the major heterocyclic amines in urine. Neverthe- 
less, investigators will have to quantify this potential risk to definitively prove or 
disprove the alleged carcinogenic risks of creatine supplementation. 

To conclude, our investigation shows that short-term, heavy-load oral cre- 
atine supplementation stimulates the production of an excess of methylamine 
and formaldehyde in the urine of healthy humans. Even though the production of 
cytotoxic agents had no apparent effect on the kidney function of volunteers in this 
study, long-term and epidemiological data are essential to assess whether cteatine 
supplementation is harmless in all healthy individuals under all conditions in the 
competitive athletic setting. 

Practical Recommendations 

The purpose of this brief review was to summarize the scientific literature 
and present recommendations about the potential side effects of oral creatine 
supplementation in healthy individuals. Despite articles and editorials published 
in the general and sports media, there have been no real incidents of muscle 
cramps, gastrointestinal discomfort, or liver impairment after regular loads of 
oral creatine. 

In addition, there is no apparent kidney dysfunction in healthy individuals 
who take oral creatine monohydrate in the recommended daily amounts (20 g 
for 5 days, 3 to 5 g thereafter). Nevertheless, the amount ingested should never 
exceed the recommended doses. The few case reports of renal incidents have not 
been corroborated in larger experimental studies, but it would prudent for athletes, 
coaches, and practitioners to remain cautious. Regular nutritional and medical 
support should be an elementary strategy to reduce the risk of potential dysfunc- 
tion. The analysis of urinary albumin-excretion rate (<20 |ig/min) appears to be 
the most simple, inexpensive, accurate test to assess any early incidence of kidney 
impairment. This test should be done under resting conditions, that is, at least 24 
hours after the last physical activity. If the primary-care physician has any concerns, 
the athlete should be referred to a nephrologist. We recommend that urinary albu- 
min level be analyzed on systematic basis before and a few days after beginning 
supplementation, as well as every 3 months, in the case of a chronic intervention. 
We advise that creatine supplementation not be used by athletes with preexisting 
renal disease or those with a potential risk for renal dysfunction. Medical advice 
should be sought if there are any doubts on the suitability of creatine supplementa- 
tion for individual athletes. Great care should also be taken as far as the purity of 
commercially available exogenous creatine supplements is concerned. Analytic 
tests must prove their unique nutraceutical composition, as safety is not ensured 
with every preparation. 
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Cobaltic protoporphyrin IX (CoPP) is a synthetic heme analog which can elicit profound and 
prolonged decreases in appetite and body weight in several different animal species. 
Intracerebroventricular administration of CoPP in rats was found, by differential display and 
confirmed by Real-Time PCR, to result in an increase in expression of the creatine 
transporter when compared to vehicle-treated fed or vehicle-treated fasted control animals. 
In situ hybridization studies showed that creatine transporter mRNA concentrations were 
increased in several areas of the brain involved in the regulation of food intake, but creatine 
concentrations were decreased in hypothalamic homogenates in CoPP-treated animals 
compared to controls. Intracerebroventricular administration of p-guanidinopropionic acid, 
a compound known to decrease intracellular creatine concentration by competition for 
uptake, resulted in decreased food intake and body weight and increased Fos expression in 
the hypothalamus. Taken together, these findings suggest that creatine concentrations in 
the brain may play a role in regulating food intake and body weight. 

© 2006 Elsevier B.V. All rights reserved. 



1. Introduction 

We have been engaged in study of a powerful experimental 
anorectic compound, cobaltic protoporphyrin IX (CoPP). This 
synthetic metalloporphyrin, with the exception of the cobalt 
which replaces the central iron atom, is otherwise identical to 
iron protoporphyrin IX (heme), the active prosthetic group in 
(to name but a few) hemoglobin, neuroglobin, the respiratory 
cytochromes, catalase, nitric oxide synthase and guanylate 
cyclase. CoPP (but not other metal-substituted porphyrins) is 
known to cause transient hypophagia and remarkably pro- 
longed weight loss after subcutaneous, intracerebroventricu- 
lar (icv) or in trahypo thalamic administration in normal rats, 
mice, chickens and dogs and in obese Zucker rats which lack 
the leptin receptor (Galbraith and Kappas, 1989; Galbraith and 
Kappas, 1990; Galbraith and Kappas, 1991a,b,c; Galbraith et ah, 



1992). A single icv treatment with CoPP 0.2 nmoVkg body 
weight resulted in an approximately 20% (100 g) weight loss 
compared to vehicle-treated control rats, even when mea- 
sured 300 days after treatment (Galbraith and Kappas, 1989). 
These duration and magnitude of weight loss after a single 
administration of an experimental compound are 
unprecedented. 

We have previously reported that icv administration of 
CoPP leads to increased Fos expression in the hypothalamus 
of rats (Galbraith et al., 2004). Moreover, such treatments 
with CoPP also lead to decreased activity of nitric oxide 
synthase in hypothalamic homogenates when compared to 
vehicle- treated rats (Li et al., 2006). However, the exact 
mechanism of action of CoPP remains unclear. The purpose 
of the studies described in this manuscript was to try to 
further define the mechanism of action of CoPP on food 
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ingestion and weight using a different approach, that of 
mRNA differential displays. 



2. Results 

During a series of mRNA differential display experiments, a 
particular band was identified (11G2L) which was reproduc- 
ibly increased in the hypothalami of CoPP-treated rats 
compared to both vehicle-treated fed and vehicle-treated 
fasted rats (Figs, la, b). The band was excised from the gels, 
re- amplified and inserted into a cloning system. Using 
labeled cloned insert and freshly isolated mRNA from 
hypothalami of additional rats (saline-fed, saline- fasted, 
CoPP), the fidelity of the procedures was demonstrated in 
Real-Time PCR experiments. Measures of the identified 
mRNA (11G2L) were increased (P = 0.02) by about 20% in 
CoPP-treated compared to either group of vehicle-treated 
control animals (Fig. lc). The insert was sequenced and 
found to be homologous for 76 out of 76 base pairs with the 
rat creatine transporter mRNA (X66494) and for 59 out of 76 
base pairs with human creatine transporter mRNA (L3 1409.1). 
In situ hybridization studies using labeled probes to detect 
CrT mRNA 48 h after vehicle treatment (fed or fasted) or CoPP 
treatment of rats showed increases in the arcuate, dorsome- 
dial, ventromedial and III ventricular areas of the hypothal- 
amus and in the paraventricular thalamic and habenular 
areas (Fig. Id). Despite this increase in CrT mRNA expression, 
concentrations of Cr and CrP were decreased, compared to 
vehicle-treated animals, by 20% and 40%, respectively, in 
hypothalamic blocks isolated from rats 48 h after treatment 
with icv CoPP (Fig. le). 

We decided to investigate the in vivo effect of ^-GPA on 
food intake and weight in experimental animals. Intracer- 
ebroventricular administration of p-GPA directly into the 
ventral III ventricle of the brain in rats via indwelling 
stereotactically implanted cannulae produced what appeared 
to be a dose-responsive decrease in body weight; however, 
the effect was not statistically significant due to the large 
standard errors (Fig. 2a). Food intake was also decreased by 
p-GPA (Fig. 2b) with significant group differences (P = 0.027 by 
ANOVA). There was a significant difference in food intake at 
the dose of 3 mg/rat compared to vehicle-treated rats 
(P < 0.01; simple main effects). Consistent with the known 
competitive inhibition of CrT-mediated uptake of Cr by 
GPA, CrT mRNA concentrations in hypothalamic blocks from 
brains of p -GPA- treated rats were unchanged compared to 
control animals, whether fed or fasted; on the other hand, 
weights of £ -GPA- treated animals were significantly reduced 
compared to vehicle- treated animals (P < 0.025; Student's t 
test) (Fig. 2c). However, 4 h after icv treatment with p-GPA 
(2 mg/rat), Fos immunoreactivity was increased, compared to 
control animals, in the paraventricular nucleus and the 
dorsomedial nucleus and dramatically so in the midsection 
of the ventral III ventricle (5.32 ± 2.79 vs. 48.3 ±11.18 arbitrary 
units; P < 0.025) (see Figs. 2d, e, f). This demonstration of 
increased Fos expression is suggestive of cell activation in 
response to Cr depletion, and its location within the 
hypothalamus may signal its involvement in mediating the 
hypophagic effect of fi-GPA. 



3. Discussion 

Taken together, the above data strongly suggest that Cr and/or 
CrP concentrations play a role in the regulation of food intake 
and body weight. It cannot be definitively ruled out that the 
decrease in food intake characteristic of administration of 
CoPP itself causes a decrease in creatine levels. Although this 
possibility is not supported by the statistical analysis of our 
creatine data following treatment with CoPP or fasting (Fig. 
le), there appears to be a trend for reduction of creatine 
concentrations after fasting. However, fasting is absolute, 
whereas CoPP-induced hypophagia is relative so one would 
expect the effects of fasting to be more robust than those 
observed with CoPP if food intake were the determinant. 
Moreover, fasting was without effect in the differential display 
data (Fig. lb) and the Real-Time PCR data (Fig. lc) concerning 
the creatine transporter. Likewise, it is possible that p-GPA- 
induced hypophagia was the cause of the increased Fos 
expression in the hypothalamus (Figs. 2d and e). However, 
this also seems unlikely because rats eat mainly at night and 
the experiments were carried out during the day and only for a 
4-h period. Future experiments with pair- fed rats will address 
this issue definitively. 

How creatine plays a role in food intake and body weight 
regulation is far from clear. Creatine (N-(Aminoiminomethyl)- 
N-methyl-glycine; C4H9N3O2; mol wt 131.13) was discovered 
in 1927. Creatine (Cr) is synthesized by the transfer of the 
amidino group from arginine to glycine; the resulting guani- 
doacetic acid is then methylated to yield creatine. The first 
step occurs mainly in the kidney and is catalyzed by arginine: 
glycine amidinotransferase (AGAT); the second step occurs 
mainly in the liver, catalyzed by guanidoacetate methyltrans- 
ferase (GAMT). Creatine in muscle tissue is actively trans- 
ported from the plasma, against a gradient, by the sodium- 
and chloride- dependent creatine transporter (Solute Carrier 
Class 6, Member 8). Much intramuscular Cr is converted, by the 
action of creatine kinase (CK), to form creatine phosphate 
(CrP). 

The major physiological role of Cr/CrP is considered to be to 
replenish adenosine triphosphate (ATP) concentrations in 
muscle during the performance of strenuous work by the 
CK-catalyzed transfer of the phosphate group of CrP to 
adenosine diphosphate (ADP). A similar role has been 
proposed in the brain, isolated behind the blood-brain barrier 
and totally dependent on glucose metabolism for its energy 
supply. The popularization by the lay press of the importance 
of Cr in muscle physiology has led to burgeoning interest in 
oral Cr supplementation in an attempt to augment muscle 
size and function by both athletes and would-be athletes alike 
(Juhn and Tarnopolsky, 1998). Creatine supplementation has 
also been proposed to be protective against neurological and 
atherosclerotic disease (Wyss and Schulze, 2002), perhaps as a 
result of enhancement of high energy phosphates (Brusto- 
vetsky et al., 2001). The only fairly consistent side effect of 
such oral supplementation with Cr in humans has been 
modest (1-5 kg) weight gain (Wyss and Schulze, 2002). Human 
Cr deficiency syndromes include GAMT deficiency, AGAT 
deficiency (both autosomal recessive) and Cr transporter (CrT) 
deficiency (X-linked). Affected humans display mental 
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Fig. 1 - The effects of CoPP on weight and creatine in hypothalamus, (a) Weights (means ± SEM, normalized to baseline values) 
of rats after intracerebroventricular injection (J) with vehicle (fed or fasted) or CoPP 0.4 pm/kg body weight (n = 10 or 11 per 
group), (b) Rats from (a) were decapitated, and total RNA was isolated from hypothalamic blocks and subjected to differential 
display. The autoradiograph of the gel with the band identified as 11G2L is shown, (c) The band 11G2L isolated from the 
differential display was re-amplified and cloned; cloned inserts were used in Real-Time PGR studies with newly prepared RNA 
samples (6 animals per group). Results are expressed as relative units after normalization to L32 ribosomal protein mRNA 
concentrations (means ± SEM). P = 0.02 by ANOVA; **P = 0.018 for CoPP versus vehicle by Tukey's test; CoPP versus fasted and 
vehicle versus fasted, N.S. (d) In situ hybridization studies for creatine transporter mRNA in rat brains 48 h after treatment with 
vehicle (fed; n = 2 or fasted; n = 2) or CoPP (0.4 |im/kg body weight; n = 5). Areas of hybridization assessed by Hue Saturation 
Intensity are expressed as percentages of the total area of each region of interest (means ± SEM). Significant differences between 
the means were found; *P - 0.0381, **P = 0.0143, fP = 0.0238 and ffP = 0.0079 (Kruskal-Wallis test), (e) Creatine and 
phosphocreatine concentrations (means ± SEM) of hypothalami of rats 48 h after icv injection of vehicle or CoPP 0.4 nmol/kg bw. 
Significant differences between means were found by ANOVA (P= 0.018). Post hoc analyses (Tukey's) revealed that means for 
vehicle-treated and CoPP-treated animals were significantly different (*P = 0.017), but comparisons of CoPP vs. fasted (P = 0.867) 
and vehicle vs. fasted (P = 0.16) were not. 
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Fig. 2 - The effects of p-GPA on weight and food intake, (a) Normalized weights (% of Day -2) and (b) normalized food intake (% 
of Day -2) of rats injected icv on days 0 and 7 (J), with saline or (3-GPA 1 mg, 2 mg or 3 mg (n « 6 per group). Although there was a 
trend to decreased weight following GPA administration, the effect was not statistically significant. Analysis of the food intake 
data revealed significant (P = 0.027 by ANOVA) group differences. Subsequent repeated means analysis of covariance 
(controlling for baseline food intake) of days 0 through 6 suggested a difference in the patterns of food intake between groups 
(P = 0.022). Post hoc analysis of the simple main effects indicated a significant difference in food intake only for group 4 (3 mg 
GPA) when compared to control (P< 0.01). (c) Weights of vehicle-fed, vehicle-fasted or (3-GPA-treated rats injected icv twice (J) 
(first with GPA 2 mg and second with GPA 3 mg). Mean weights of the 3-GPA-treated and saline-fasted groups were both 
significantly different (P < 0.025 utilizing Student's t test) from that of control rats on Day 3. On Day 3, rats were decapitated and 
hypothalamic blocks dissected and total RNA isolated for Real-Time PCR. Fluorescent intensity of CrT amplification products 
was normalized to that of the rat ribosomal housekeeping gene L32 to yield arbitrary units of gene expression (means ± SEM). 
There were no statistically significant differences in CrT mRNA concentrations between treatment groups (single factor 
ANOVA). (d, e) Fos immunohistochemistry of rat hypothalami 4 h after icv injection with (3 -GPA (2 mg/rat) or vehicle. Sections 
(xlO) of the midsection of the III ventricle from a vehicle-treated (d) and a P-GPA-treated (e) animal. Panel f shows the area from 
which the image was obtained. 



retardation, developmental delay and profound depletion of 
Cr and CrP in the central nervous system (Schulze, 2003). 
GAMT and AGAT deficiencies can respond partially to oral Cr 
treatment, whereas brain Cr concentrations cannot be in- 
creased from exogenous sources in the absence of the CrT. 

More recently, Cr has been found to participate in other 
processes which are not directly related to high energy 
phosphate homeostasis. For example, Cr has been reported 



to have a suppressive effect on insulin binding (Rocic et al., 
1991) and to decrease the glycation of albumin (Rocic et al., 
1995). Another unexpected effect is to accelerate the circadian 
clock in Gonyaulax Polyedra, a unicellular alga (Roenneberg et 
al., 1988). Further evidence (In't Zandt et al., 2004) that the role 
of Cr should be expanded beyond its traditional role comes 
from mice with double knockouts of both the brain and 
ubiquitous isoforms of CK. The resultant complete CK 
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deficiency in the brain resulted in an absence of CrP, a partial 
depletion of total Cr, normal ATP levels and a 7% reduction in 
the weight of brains. That these mice were viable suggests that 
CrP buffering of high energy phosphate networks is not 
essential for life and that Cr possibly subserves additional 
roles. Interestingly, a GAMT knockout mouse had the expected 
decreased concentrations of CrP but also displayed a non- 
leptin-mediated life-long reduction in body weight due to 
reduced body fat mass (Schmidt et al., 2004). Brain homo- 
genates from these animals displayed a 6-fold increase in p- 
guanidopropionic acid. This compound (p-GPA) is an analogue 
of Cr and competes for Cr uptake by the CrT into muscle 
tissues, resulting in reduction of Cr, CrP and ATP concentra- 
tions in mice (Fitch and Chevil, 1980). Addition of 1% p-GPA to 
the diet for 13 months rendered the weight of treated mice 40% 
less than control animal weights (Mahanna et al., 1980). Over 
10 such reports in the literature recount weight loss in rodents 
ranging from 5 to 25% after oral treatment, for varying 
durations, with 1-2% p-GPA; but no data have been presented, 
or even hypotheses advanced, which might address the 
mechanism(s) involved. Orally administered (3-GPA can be 
detected in the brain, where a proportion of it is phosphory- 
lated by CK to (3-GPA-phosphate (Holtzman et al, 1989b). In 
the brain, p-GPA has also been shown to increase adenylate 
kinase in gray matter and the obverse in white matter 
(Holtzman et al, 1998a). 

Both p-GPA and CoPP administration lead to a decrease in 
intracellular Cr concentration: in the case of the former, 
through its well-established inhibition of Cr uptake via its 
transporter; for the latter, in view of the increased concentra- 
tions of CrT mRNA, presumably by a transporter-independent 
mechanism such as decreased de novo synthesis. In vivo 
transport of Cr from blood to brain, the demonstration of p- 
GPA-inhibitable uptake of Cr by both brain capillary endothe- 
lial cells and astroglia-rich cultures and the demonstration of 
CrT in brain capillaries (Moller and Hamprecht, 1989; Ohtsuki 
et al., 2002) all speak to the importance of uptake of 
peripherally synthesized Cr into the brain. On the other 
hand, Cr synthesis was demonstrated in the brain using 
labeled arginine in 1961 (Defalco and Davies, 1961). Cr 
synthesis has been demonstrated in astroglial-rich cultures 
which also release guanadinoacetate, the intermediate for Cr 
synthesis, possibly for use in other cell types (Dringen et al., 
1998). AGAT and GAMT have been detected in neurons and 
glia, CrT in neurons and oligodendrocytes (but not in astro- 
cytes), ubiquitous CK in neurons and brain CK in astrocytes 
and specifically in inhibitory neurons (Bachmann et al., 2004; 
Braissant et al., 2001; Tachikawa et al., 2004). CrT have also 
been demonstrated in mitochondria in addition to the normal 
plasmalemma sites (Walzel et al, 2002). These observations 
suggest that there are multiple pathways by which specific 
brain cells or subcellular organelles can obtain Cr— transport 
from the blood, from other cells, from the cytoplasm or by de 
novo synthesis. Indeed, there is evidence that Cr may exist in 
separate pools within a cell (Speer et al., 2004) and this 
compartmentalization within specific cell types may underlie 
the increasingly recognized diversity of the roles of Cr in 
cellular metabolism. 

Both creatine and nitric oxide are derived from arginine, 
and we have recently shown that CoPP inhibits nitric oxide 



synthase (Li et al., 2006). Uptake of 7-aminobutyric acid 
(GABA) is inhibited by p-GPA (Bowery et al., 1979) and p-GPA 
stimulates benzodiazepine receptor binding by GABA (Kar- 
obath and Gunther, 1979). Moreover, p-GPA-induced 
decreases in creatine concentrations can lead to decreased 
ATP and ATP: AMP ratios are known to regulate AMP kinase 
which has been implicated as a sensor of energy status 
(Carling, 2004). Additionally, derivatives of (3-GPA activate 
ATP- sensitive potassium channels in rat insulinoma cells 
(Kinsella et al., 2004). Further studies will be required to 
elucidate exactly how ft-GPA and CoPP interact with these or 
other systems to modulate the regulation of food ingestion 
and weight. 



4. Experimental procedures 

4.1. Methods 

4.1.1. Reagents 

Cobaltic protoporphyrin was purchased from Porphyrin Pro- 
ducts (Logan, UT) and ft-guanidinopropionic acid from Sigma- 
Aldrich (St. Louis, MO). 

4.1.2. Animals and surgery 

Experiments were carried out in accordance with the 
University of Vermont Institutional Animal Use and Care 
guidelines. Measures were taken to minimize pain and 
discomfort. Adult Sprague-Dawley rats were housed singly 
in metabolic cages. Stereotactic surgery was used to implant 
indwelling cannulae into the III ventricle of the brain as 
previously described (Galbraith and Kappas, 1991b). Experi- 
mental compounds (CoPP 0.4 nm/kg body weight or p-GPA 1, 
2 or 3 mg x 2) or vehicles were injected intracerebroven- 
tricularly (icv) in small volumes (<10 jul) 5-7 days after 
surgery. Body weights were measured daily. CoPP-treated 
rats were only utilized in experiments if they lost at least 10% 
of their initial weight at the time of sacrifice. Food ingestion 
was measured daily by weighing the feeder in the metabolic 
cages. Fasted rats had free access to water but no food for 
48 h prior to sacrifice. 

4.1.3. Immunohistochemistry 

Hypothalamic blocks were sectioned at 40 urn and processed 
for immunohistochemistry as described (Galbraith et al., 
2004). Fos was visualized using rabbit c-Fos-AB5 (1:2,000; 
Oncogene Research Products, Cambridge, MA) with goat 
anti-rabbit Cy3 (1:500; Jackson ImmunoResearch Laboratories, 
West Grove, PA). Immunoreactive Fos which was greater than 
experiment-matched negative controls was quantitated using 
Metamorph 6.1 Software. 

4. 1 .4. RNA extraction from rat hypothalamus 

Adult male Sprague-Dawley rats were randomly separated 
into experimental groups. After treatments rats were killed, 
hypothalamic blocks were dissected as described above and 
immediately homogenized with RNase-free buffer. Total RNA 
was extracted using an Ultraspec-II RNA kit (Biotech Labora- 
tories, Inc., Houston, TX) following the manufacturer's proce- 
dures and stored at -80 °C until analysis. 
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4.2. Differential display-reverse transcription-polymerase 
chain reaction (DD-RT-PCR) 

The RNAimage mRNA Differential Display system was pur- 
chased from GenHunter Corporation (Nashville, TN). Three 
anchored H-Tll M (where M refers to G, A, or C) primers and 12 
sets of arbitrary primers (HAP 1 to 12) were chosen. After 
removal of DNA with RQI RNase-free DNase (Promega, 
Madison, WI), RNA from eleven rats of each group was 
mixed with 250 \iM dNTPs, a 2 jiM solution of one of the H- 
Tll M primers and MMLV reverse transcriptase (Invitrogen, 
Carlsbad, CA) and incubated at 60°C for 5 min, 37 °C for 60 min 
and 75 °C for 5 min. cDNA from the RT-reaction was mixed 
with PCR buffer, 25 mM MgACO, 25 yM dNTPs, rTh polymerase 
(Perkin Elmer Applied Biosystems, Foster City, CA), a[ 33 P]dNTP 
(Perkin Elmer, Boston, MA), the same 2 nM solution of H-Tll M 
primer as used in the reverse transcription step and a 2 juM 
solution of one of the HAP arbitrary primers. The reaction was 
run at 94 °C for 30 s, 40 °C for 2 min and 72 °C for 1 min. Final 
elongation was at 72 °C for 5 min. Aliquots of each sample 
were denatured at 80 °C for 2 min and loaded on a 6% 
sequencing gel. The gel was run at 60 W for 8 h. After exposure 
to film, the gels were aligned by matching the autoradio- 
graphic ink images on the film with the ink on the gels. The 
bands of interest were excised from the gel. The cDNA was 
recovered and mixed with 250 nM dNTPs, a[ 33 P] dATP and Gold 
Taq (Perkin Elmer Applied Biosystems), together with each 
related HT11M primer and HAP primer. The re- amplification 
PCR product was denatured and loaded onto a 10% non- 
denaturing acrylamide gel (SSCP gel). The isolated single SSCP 
band was excised and re- amplified again following the same 
procedures described above, then was cloned directly into the 
GenHunter PCR-TRAP Cloning System following the manufac- 
turer's suggested procedures. 

4.3. Real-Time PCR 

RNA was purified with RNA-free DNase (Promega) at 37°C for 
30 min. The first strand of cDNA was synthesized by adding 
purified RNA from each MMLV reverse transcriptase (Invitro- 
gen Life Tech) reaction. Creatine transporter (CrT) gene 
expression was further quantified by Real-Time PCR using 
sense primer: 5 'GGTAAGGGTGC AAGCCTTTG' ; antisense 
primer: 5 'TTGCTATGTTTGCAGTGGCT-3' and TaqMan probe: 
5'ACATTCTTACTGTGCTAAAAAAGCCACTGC-3' (MMG -Bio- 
tech). The rat ribosomal protein L32 gene was used as a 
loading control. The PCR was run in an ABI prism 7700 
thermocycler (Applied Biosystems) at 50 °C for 2 min and 95 °C 
for 10 min followed by 95 °C for 15 s and 60 °C for 1 min for 40 
cycles. The data were analyzed using software supplied with 
the ABI prism 7700. 

4.4. In situ hybridization 

Brains from at least 3 rats per group were dissected as 
described above, and the blocks were immediately frozen 
and stored at -80 °C. In the vehicle-treated and vehicle- treated 
fasted groups, one brain from each group was not of sufficient 
quality to be analyzed. Blocks were sectioned in a cryostat 
(Micron HM500O) at -20 °C and at a thickness of 13 ^m. For 



preparation of radiolabeled riboprobes, the DNA fragments 
containing the creatine transporter insert and a T7 or SP6 
phage promoter sequence in each side were produced from 
cloning vectors (pCRII-TOPO, Invitrogen; PR-TRAP, GenHunter) 
by PCR amplification. The fragments were purified utilizing 
the Wizard® DNA Clean-up System (Promega). The antisense 
or sense riboprobes were synthesized and labeled in an in vitro 
transcription system and hybridized with prepared slides. 
Slides were observed under dark- field microscopy (Olympus, 
Tokyo, Japan), and silver grains in regions of interest were 
assessed. Images were captured at 4x magnification and 
quantitated utilizing the Metamorph system and software. 
Areas of interest were outlined using the system's electronic 
pen as either boxes (for the third ventricle and dorsomedial 
nucleus) or circles/elipses (for the paraventricular, arcuate, 
ventromedial and habenular areas). Hybridization in the 
specific areas of interest was then quantified, using the Hue 
Saturation Intensity modality, by expressing the summated 
area of the silver grains as percentages of the total area 
outlined by the electronic pen. Areas of interest were 
quantitated on each section in which they appeared and 
averaged to yield means ± SEM of percentages. 

4.5. Creatine assay 

Hypothalamic blocks were rapidly dissected from animals 
treated icv with vehicle or CoPP at the indicated doses, snap- 
frozen and stored at -80 °C until they were crushed into a 
powder under liquid nitrogen and homogenized in 0.5 M PCA. 
Samples were then centrifuged at 4 °C for 10 min at 15,000xg 
and the resulting supernatant neutralized with 1 M KOH. HPLC 
analysis was performed essentially as described (Carter and 
Mula, 1990). Samples were injected onto a Partisil 10 SAX 
analytical column which was eluted linearly starting with 
Buffer A (0.01 M H 2 P0 4 ) and changing to Buffer B (0.75 M 
KH 2 P0 3 ). The column was run on a Waters HPLC equipped 
with a Waters 996 Photodiode Array Dector and a Waters 717+ 
Auto Sampler. Both creatine and phosphocreatine standards 
were run with each sample set Results are expressed as 
nanomoles per mg wet weight. 

4.6. Statistics 

Results of Real-Time PCR assays were expressed as relative 
intensities after normalization to L32 ribosomal protein mRNA 
concentrations. Data (means ± SEM) were analyzed by ANOVA 
and Tukey's test. Data from in situ hybridization studies for 
creatine transporter mRNA were expressed as the percentage 
of the hybridization signal compared to the area of interest in 
different parts of the hypothalamus and elsewhere in the 
brain. Means ± SEM were analyzed by the Kruskal-Wallis test 
and, in view of the low numbers involved in the analysis, are 
reported as exact P values. Creatine and phosphocreatine 
concentrations (means ± SEM) were analyzed by ANOVA with 
post hoc analysis utilizing Tukey's test. Normalized weights 
and food intake of rats treated with p-GPA were analyzed by 
ANOVA and repeated measures analysis of covariance. 
Weights (means ± SEM) of animals treated with £-GPA prior 
to CrT mRNA measurements were compared to control rat 
weights by Student's t test; measures of CrT mRNA (arbitrary 
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units; means ± SEM) in hypothalamia of such treated rats were 
compared using ANOVA. 
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Abstract The purpose of this study was to investigate 
whether creatine (Cr) supplementation during 12 weeks of 
phasic high-frequency voluntary wheel running would 
result in a faster myosin heavy chain (MHC) isoform profile 
in the rat mixed fast-twitch plantaris and alter its 
corresponding isometric contractile properties. The fast- 
twitch extensor digitorum longus and medial gastrocnemius 
and slow-twitch soleus were also studied. Forty weanling 
Sprague-Dawley male rats were assigned to one of four 
groups: creatine-sedentary (Cre-Sed)', creatine-voluntary 
running (Cre-Run); control-sedentary (Con-Sed); control- 
voluntary running (Con-Run). Daily running distance was 
similar between Cre-Run and Con-Run. Average daily Cr 
ingestion was also similar being 2.4±0.17 and 3.0±0.14 
g/kg in Cre-Sed and Cre-Run, respectively. Total creatine 
(TCr) content was elevated (P<0.03) in the plantaris of Cre- 
Run [211.4+16.9 mmol/kg dry weight (dw)], compared 
with Con-Run (175.U5.69). In the plantaris, MHCIIb was 
13% greater (PO.00001) in Cre-Run compared with Con- 
Run, while MHCIId/x and MHCIIa were lower in Cre-Run 
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by 7 and 6% (P<0.0002), respectively. No differences were 
observed in twitch force, time-to-peak tension, half-rise 
time or half-fall time. Greater tetanic force production 
(PO.05) in Cre-Sed compared with Con-Sed corresponded 
to a 12% increase in MHCIId/x (PO.0001) and a 12% 
decrease in MHCIIb (PO.0006). The fatigue index of the 
plantaris at 1 0 s (FIio s ) was reduced only after running (Cre- 
Run vs Con-Run), while in all other muscles the FI 10s was 
lower only in the Cre-Sed group. In conclusion, Cr 
supplementation had differential effects on MHC isoform 
content and fatigability that depended on the level of 
contractile activity. Cr feeding combined with running 
exercise resulted in a faster MHC-based phenotype in the rat 
plantaris but the impact on associated isometric contractile 
properties was minimal. 
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Introduction 

Mammalian skeletal muscle fibres possess the capacity to 
adjust their molecular, functional and metabolic phenotypic 
properties in response to altered functional demands. 
Exercise training and chronic low frequency stimulation 
(CLFS), for example, induce the transformation of fast- 
twitch fibres into slower contracting and more oxidative 
phenotypes in rodent muscles [1,2]. Several physiological 
stimuli seem to be involved in regulating these adaptive 
changes [1], Green et al. [3] suggested that the intracellular 
energy state of muscle fibres might influence patterns of 
myosin heavy chain (MHC) isoform expression. They 
reported that the intracellular phosphorylation potential 
(IPP), defined as the adenosine triphosphate (ATP)/adeno- 
sine diphosphate (ADP free ) ratio, was promptly diminished 
after the onset of CLFS, remained lower during prolonged 
stimulation and preceded fibre-type transitions. Thus, it was 
suggested that a lower IPP might be responsible for 
regulating a significant component of activity induced 
fast-to-slow fibre type transitions. 
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Conjard et al. [4] found that in normal and chronically 
stimulated rodent muscles, phosphocreatine (PCr) and the 
ATP/ADP fr ee ratio were positively correlated with the 
MHC-based fibre types. The relationship between MHC 
isoform expression and the ATP/ADP free ratio suggests that 
a persistent change in the IPP may act as an important 
physiological signal, contributing to fibre type transitions. 
Consistent with this hypothesis, several studies have shown 
that when rats are fed with the creatine (Cr) antagonist (3- 
guanidinopropionic acid ((3-GPA), they possess lower 
intramuscular concentrations of ATP and PCr, a lower 
ATP/ADP fr ee ratio and associated fast-to-slow fibre-type 
transitions [2, 5, 6]. Collectively, the results of those studies 
indicate that the energetic state of muscle fibres can 
influence changes in the MHC-based phenotype. 

It has been widely documented that oral Cr supplemen- 
tation increases total muscle Cr (TCr) and PCr concentra- 
tions in rodent [7-9] and human [10, 11] muscles. It is, 
however, not known if Cr feeding influences patterns of 
MHC isoform expression in a manner opposite to that of |3- 
GPA. Classical studies of Ingwall et al. [12, 13] showed 
that Cr selectively stimulated, by twofold, the synthesis of 
actin, MHC and the cytosolic isoform of creatine kinase 
(MM-CK) in cultures of differentiating muscle cells. 
Interestingly, however, Cr did not alter the synthesis rates 
of soluble metabolic enzymes. Thus, it would seem that 
enhanced intracellular Cr combined with increased MM- 
CK expression has the potential to augment the efficiency 
and capacity for high-energy phosphate shuttling [14], 
which could be expected to ameliorate contraction-induced 
reductions in the IPP and influence fibre-type transitions, 
especially during exercise training. 

Roy et al. [7] reported that Cr supplementation increased 
the cross-sectional area of histochemically identified, 
broadly classified type-II fibres in the extensor digitorum 
longus, but not in the soleus of young rats. Changes in fibre 
type distribution were not, however, observed in either 
muscle. In contrast, Brannon et al. [8] reported that 
prolonged Cr feeding did not alter the cross-sectional area 
of type-II fibres of either the plantaris or soleus, but a trend 
toward higher IIB fibre content was noted in the plantaris. 
Collectively, the results of those studies further suggest a 
positive relationship between the IPP and the expression of 
fast MHC isoforms. 

The plantaris muscle was the primary focus of this 
investigation because it possesses a mixed fast-twitch 
MHC-based phenotype and is heavily recruited during 
voluntary wheel running [8, 15]. The extensor digitorum 
longus, an ankle flexor muscle and the medial gastrocne- 
mius, an ankle extensor muscle, with similar MHC fibre 
type compositions to the plantaris but comparatively low 
recruitment during voluntary wheel running were exam- 
ined for comparison [16]. Finally, the soleus muscle was 
also included in this investigation for its high slow type-I 
fibre composition. The purpose of this study was to test the 
hypothesis that Cr supplementation would result in a faster 
MHC-based phenotype in rat plantaris after 12 weeks of 
voluntary running exercise, compared with an exercise 
group that received no creatine. It was further hypothesised 



that the isometric contractile properties of the plantaris 
muscle, but not the other hindlimb muscles, would change 
in a corresponding manner. 



Materials and methods 

Animals and care Forty male weanling Sprague-Dawley 
rats (3 weeks of age) were obtained from an inbred colony 
maintained at the University of Alberta Animal Facility. 
All animals were individually housed under controlled 
environmental conditions (22°C and 12-h alternating light 
and dark cycles), and consumed high protein rat chow and 
their respective drinking solutions ad libitum. Body mass, 
running distance, food and solution intake were monitored 
throughout the study period. All experiments were 
completed in accordance with the guidelines of the 
Canadian Council for Animal Care and received ethical 
approval from the University of Alberta. 

Experimental design The 13 -week protocol was conducted 
in two sequential trials of 20 rats in each. Before the 
beginning of each trial, rats were categorised as either high 
or low runners according to a 1-week preselection protocol 
on activity wheels (Wahmann, Baltimore, MD, USA) as 
described by Morse et al. [16]. Briefly, the rats were 
ranked according to their weekly total distance ran. High 
runners were selected as the ten rats in each trial that ran 
the longest total distances (total distance ran=number of 
revolutions x 1.1 m wheel circumference) and were 
randomly assigned to one of the two running groups (see 
below). The remainder were classified as low runners and 
assigned to one of the two sedentary groups (see below). 
The total number of wheel-revolutions for each 24-h 
period and the daily average distance (in meters) were 
recorded. Each wheel revolution was detected with the use 
of two optical sensors (Optek OPB 804: Optek Technol- 
ogy, Carrollton, USA), which were mounted 180° out of 
phase with one another on a custom-made printed circuit 
board with signal conditioning electronics that also 
included a type-D flip-flop (MC14013B Motorola, Aus- 
tin, TX, USA). This permitted counting of full wheel 
revolutions and eliminated inclusion of partial revolutions 
in the calculation of total distance ran. All wheel data was 
recorded with a custom written Lab VIEW software on a 
Pentium II CPU computer. 

At the beginning of each trial, the high runners were 
randomly assigned to either the Creatine-Run (Cre-Run) or 
Control-Run {Con-Run) groups. Those rats that ran the 
shortest distances were randomly assigned to the Creatine- 
Sedentary (Cre-Sed) or Control-Sedentary (Con-Sed). 
Assignment of rats to the running or non-running groups 
was completed according to Morse et al. [16]; compar- 
isons within an activity level were emphasised. An equal 
number of rats were included in each of the experimental 
groups for each trial. The Cr groups consumed a solution 
of 1% creatine (1 g/100 ml) (NutraSense's CREATE AM, 
Shawnee Mission, KS, USA) in 5% dextrose (Fisher- 
Scientific, Fairlawn, USA) while the control (Con) groups 
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ingested a solution of 5% dextrose. An established 
voluntary exercise protocol was used [16]. Running 
groups had access to the wheels for 12 h/day. 

Surgery Surgeries were performed under general anaes- 
thesia (45 mg/kg sodium pentobarbital IP, MTC Pharma- 
ceutical, Cambridge, Ontario) according to Gallo et al. 
[17]. An indwelling catheter (PE 50: Fisher Scientific, 
Edmonton, Alberta) was inserted into the external jugular, 
and the trachea was cannulated in the event that mechan- 
ical ventilation was required. Additional intravenous 
anaesthetic (diluted 1:5) was given in a saline solution 
(with 5% glucose) throughout all procedures as required. 
Incisions were made along the dorsum of the right and left 
hindlimbs and the ankle tendons of the extensor digitorum 
longus, soleus, medial gastrocnemius and plantaris mus- 
cles were separated and individually tied with a 2.0 silk, 
while the tibialis anterior was denervated. A silastic nerve 
cuff embedded with two multistranded stainless steel wires 
(AS632; Cooner, Chatsworth, USA) was positioned 
around the sciatic nerve for electrical stimulation. The 
2.0 silk was then attached to a Kulite strain gauge (model 
KH-102; Kulite Semiconductor Product, Leonia, USA), 
for sequential force recordings. During the isolation of 
each muscle tendon, extreme care was taken to maintain 
intact arterial supply and venous drainage. Before 
collecting the isometric functional measures, skin incisions 
were loosely sutured. Throughout the experiment, animals 
were in a prone position and secured with clamps at the 
ankle and knee joints. Core body temperature was 
continuously monitored with a rectal probe and main- 
tained at 39°C with a heating pad. 

Isometric functional measurements Isometric muscle func- 
tion measures were completed as previously described 
[17]. Before recording the measures, the optimal resting 
length (I 0 ) required to generate maximum force was 
established for each muscle. Maximum twitch (TW f : mN) 
and tetanic (TET f : mN) forces were sequentially recorded 
in the right extensor digitorum longus, plantaris, soleus 
and medial gastrocnemius. TWf was measured as the 
average of peak forces generated by five individual 
twitches elicited at 1 Hz. Time-to-peak tension (TTP: 
ms) was assessed as the time elapsed from time 0 (delivery 
of the stimulus) to peak force production. The half-rise 
time (1/2RT: ms) was defined as the time from the onset of 
contraction to 50% of the maximum force produced. The 
half-fall time (1/2FT: ms) was determined as the time for 
the twitch peak force to decrease by 50%. The whole 
muscle "sag" was calculated as the ratio of fmal-to-initial 
force generated from an unfused tetanic contraction using 
an interval of 1.25xTTP for 800 ms. Typically, the sag 
ratio has been used to subdivide single motor units into 
"slow" and "fast" according to whether they did or did not 
'sag' during an unfused tetanus. Under these circum- 
stances, if the ratio is >1.0, individual motor units are 



classified as "slow" or "fast" if the ratio is <1.0 [18]. 
When applied to whole muscles, we have observed that 
slow muscles are »1.0, whilst fast-twitch muscles display 
a ratio of less than or approximately equal to 1 [17]. 

TETf was determined as the force produced by 21 
pulses (100 Hz) given at an interstimulus interval of one- 
third of the muscle contraction time. A new fatigue 
protocol was designed to investigate the fatigue index (FI: 
%) of each muscle after 10 and 30 s of stimulation that was 
modelled after one typically used in humans [19]. Muscles 
were stimulated at 200 Hz (300 ms pulse trains) for 30 s 
followed by a 4-min rest recovery period and repeated 
twice. The fatigue index (FI) was calculated after 10 s 
(FI 10s ) and 30 s (FI 30s ) of stimulation, as follows: [(initial 
tetanic force - force at 10 or 30 s) / initial tetanic force] x 
100. Because the FI 10s and FI 30s were similar for all three 
bouts and muscles fully recovered before each subsequent 
bout, the data were averaged. 

All measurements were amplified, viewed on an 
oscilloscope, averaged using a PDPll-lab computer and 
stored on disks. 

Muscle sampling Extensor digitorum longus, plantaris, 
soleus and medial gastrocnemius muscles were isolated 
from the right hindlimb, freeze-clamped with metal clamps 
precooled in liquid nitrogen (-196°C) and plunged into 
liquid nitrogen. The same muscles were extracted from the 
left hindlimbs, weighed and rapidly frozen in liquid 
nitrogen. All muscles were stored at -80°C until analysed. 
The anaesthetised animals were euthanized after the 
collection of all muscles with an overdose of sodium 
pentobarbital (100 mg/kg), followed by exsanguination. 

High-energy phosphate analyses The medial gastrocne- 
mius and plantaris muscles were chosen for these analyses 
because they are recruited during voluntary wheel running 
and possess a mixed fast-twitch phenotype. Frozen 
(-80°C) freeze-clamped muscles from the right hindlimb 
were pulverized and extracted (100 mg/ml) by homog- 
enizing (Polytron, 20 s) in ice-cold 0.4-M perchloric acid 
(PCA: Fisher Scientific, Nepean, Canada) containing 0.5- 
mM ethylene glycol-bis-(3-aminoethyl ether tetraacetic 
acid (EGTA: Sigma- Aldrich). After 10 min on ice, the acid 
extract was centrifuged at 10,000xg for 2 min at 4°C, and 
an aliquot of the supernatant was neutralized with 1-M 
K 2 C0 3 (Fisher Scientific) to pH 6-6.5. The extract was 
incubated on ice for 10 min, cleared by centrifugation, and 
the supernatant was used for high performance liquid 
chromatography (HPLC) separation and determination of 
high-energy phosphates [inosine monophosphate (IMP), 
adenosine monophosphate (AMP), ADP, ATP] [20]. 
ADP free was calculated using a value of 166 for the K Qq 
of creatine kinase reaction, and used to calculate ATP/ 
ADP free [21, 22]. Postexercised resting muscle tempera- 
ture, pH and free Mg 2+ were assumed to be 3 10 K, 7.0 and 
1.0 mM, respectively [21, 22]. 
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Total creatine The plantaris muscles from the left hindlimb 
was chosen for total Cr analysis because it was the primary 
focus of our study and can be reliably considered 
representative of creatine loading in all muscles studied 
[7, 23]. Freeze-dried left plantaris muscles were powdered 
and homogenized in ice-cold 0.5-M PCA containing 1-mM 
ethylene diamine tetraacetic acid (EDTA: Sigma-Aldrich). 
After 20 min on ice, the acid extract was centrifuged at 
1 2,000 xg for 5 min at 4°C 5 and an aliquot of the supernatant 
was neutralized with 2.2-M KHC0 3 (J.T. Baker Chemical, 
Phillipsburg, USA) to pH 7.0. The extract was placed on ice 
for 10 min and further centrifuged to remove the insoluble 
potassium perchlorate. The neutralized supernatant was 
used for biochemical determination of total intramuscular 
creatine (TCr) concentration. Subsequently, aliquots of 
each extract were added to 1-M nitric acid (Fisher 
Scientific) boiled for 40 min, cooled at 4°C, spun at 
12,000xg for 5 min and further diluted with 1.55-M 
NaOH/60-mM Na 2 P0 4 (BDH, Toronto, Canada) and 1 1.5- 
mM picric acid (BDH). Colour was allowed to develop for 
45 min and samples were read at 5 13 nm using an Ultraspec 
3000 (Fisher Scientific). 

MHC isoform content Relative contents of the various 
MHC-isoforms in the right leg muscles were analysed as 
previously described [17, 24]. Briefly, muscles were 
homogenized on ice in a buffer containing 100 mM 
Na 4 P 2 0 7 (pH 8.5), 5-mM EGTA, 5-mM MgCl 2 , 0.3-M 
KC1, 10-mM dithiothreitol (DTT) (Sigma-Aldrich, 
Oakville, Canada) and 5 mg/ml of a protease inhibitor 
cocktail (Complete, Roche Diagnostics, Indianapolis, 
IN, USA). Samples were subsequently stirred for 30 min 
on ice, centrifuged at 12,000xg for 5 min at 4°C, diluted 
1:1 with glycerol and stored at -20°C until analysed. 
Before gel loading, muscle extracts were diluted to 
0.2 jxg/jxl in Laemmli-lysis buffer and boiled for 10 min. 
Five microliters from each of the resulting MHC 
extracts were electrophoresed in duplicate (275 V and 
12°C) on 7% polyacrylamide gels containing glycerol, 
under denaturing conditions. Gel running time was 
varied (24 or 48 h) to maximise MHC-isoform sepa- 
ration for the various muscles. Gels were fixed, and 
MHC-isoforms were detected by silver staining and 
subsequently evaluated by integrated densitometry 
(ChemiGenius, GeneTools, Syngene, U.K.). 

Statistical analyses Data are summarized as mean±SEM. 
Differences between group means were assessed using a 
two-way analysis of variance. When a significant F-ratio 
was found, differences were located using the least 
significant difference (LSD) post hoc analysis for planned 
comparisons. Differences in muscle mass, muscle mass- 
to-body mass ratio, IMP, 1/2 FT, FIi 0s and FI 30s were 
analysed by a one-tailed Student's r-test based on 
establishment of a priori hypotheses that predicted the 
magnitude and direction of changes. Differences were 
considered significant at PO.05, but actual .P-values are 
cited. 



Results 

Food intake, solution intake, creatine consumption and 
daily distance ran Daily food intake is summarized in 
Fig. la. On average, the rats in the two running groups 
consumed 20-30% more than their sedentary counterparts. 
Similarly, as shown in Fig. lb, the rats in the running 
groups drank 25% more of their respective solutions than 
the sedentary groups. Consequently, the average daily Cr 
intake was also 25% higher in Cre-Run group (Cre-Sed: 
2.4±0.17 g/kg vs Cre-Run: 3.0±0.14 g/kg; PO.02). The 
distance ran varied between 3 and 7 km per day for both 
Cre-Run and Con-Run groups but did not differ with 
regard to the average daily distance (Cre-Run: 4.629± 
1.317 km and Con-Run: 5.410±1.213 km, P>0.64) or total 
distance (Cre-Run: 421.21 km and Con-Run: 492.33 km, 
P>0.64) ran throughout the study. 



— •— Creatine Sedentary 
—o— Creatine Run 
—r— Control Sedentary 
—a— Control Run 



A 




0 1 2 3 4 5 6 7 8 9 10 11 12 13 
Week 

B 

160 i 




0 1 2 3 4 5 6 7 8 9 10 11 12 13 

Week 



Fig. 1 Daily food intake (a), daily volume of solution consumed 
(b). a indicates Cre-Run is greater than Cre-Sed. b indicates Con- 
Run is greater than Con-Sedx indicates Cre-Sed is greater than Con- 
Sed 
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Body mass, muscle mass and muscle-to-body mass ratio 
Body mass increased at similar rates for all treatment 
groups until week 9, whereupon the effect of running in 
reducing body mass became apparent and remained 
throughout the study. Final body mass was as follows: 
Cre-Sed; 611±23.0 g, Cre-Run; 527±15.2, Con-Sed; 608± 
29.7, Con-Run; 503±17.0. Rats in the Cre-Run and Con- 
Run groups were 14% (84 g) and 17% (105 g) lighter than 
their sedentary counterparts, respectively (P<0.0002). The 
mass and the mass-to-body mass ratio were not altered by 
Cr supplementation in any of the muscles studied 
(Table 1). 

The wet-to-dry ratio of the plantaris was also measured 
to evaluate muscle hydration status. The wet-to-dry ratio 
of the plantaris was not affected by running or Cr 
treatments (Cre-Sed: 4.03±0.134; Cre-Run: 4.10±0.098; 
Con-Sed: 4.20±0.141; Con-Run: 4.05^).076, P>0.33). 

Isolated isometric measures of contraction speed The TTP, 
1/2 RT and 1/2 FT measures are summarized in Table 2; 
measures within the control groups were directly compa- 
rable to previous studies [6, 25]. Significant differences 
were apparent between the soleus, extensor digitorum 
longus, medial gastrocnemius and plantaris for TTP 
(PO.01) and 1/2 FT (PO.0003). The 1/2 RT for the 
soleus and extensor digitorum longus differed from one 
another and the medial gastrocnemius differed from the 
plantaris (PO.00006). Creatine, voluntary running and the 
combination of these treatments had no effect on the speed 
of contraction or relaxation within muscles. 

Isolated isometric measures of force Measures of muscle 
strength as reflected in TW f and TET f and the ability to 
sustain force, as measured by the sag ratio, are 
summarized in Table 3. TET f differed between the various 
hindlimb muscles (PO.02). Creatine treatment increased 



the TET f generated by the plantaris within the sedentary 
groups by 18% (PO.05). Conversely, Cr treatment had no 
significant effect on TW f and TET f for any of the muscles 
in the running groups. The sag ratio differed between 
muscles but was not affected by any of the treatments. 

Fatigability Skeletal muscle fatigue indexes at 10 and 30 s 
are known to vary inversely with the magnitude of PCr 
content and with oxidative capacity, respectively [26, 27]. 
The fast-twitch muscles in our study were clearly more 
fatigable compared with the slow-twitch soleus, as 
reflected by the higher values of FIi 0s and FI 30s (Fig. 2). 
Cr improved fatigue resistance in the soleus of the 
sedentary groups by 14 and 20% after 10 and 30 s of 
stimulation, respectively (PO.04). The three fast-twitch 
muscles investigated displayed increased fatigue resistance 
(i.e. reduced FI 10s ) in response to Cr treatment. The 
extensor digitorum longus displayed 20 and 7% greater 
fatigue resistance after Cr feeding in the sedentary groups 
after 10 and 30 s of stimulation, respectively (PO.02). 
Similar improvements in fatigue resistance were noted 
after Cr loading (i.e. lower FI 10s ) in the medial gastroc- 
nemius (P<0.02). In the plantaris, Cr loading resulted in 
lower FIjqs only in the running group (PO.02). 

High-energy phosphates The effect of prolonged Cr 
feeding on the concentrations of high-energy phosphate 
compounds in the medial gastrocnemius and plantaris are 
summarized in Table 4. As expected, Cr supplementation 
did not have any effect on the resting ATP/ADPfree ratio or 
high-energy phosphate levels in the representative medial 
gastrocnemius or plantaris muscles. 

Total creatine TCr was measured only in the plantaris, as it 
was considered representative of all muscles [7, 23] and 
was the primary focus of our study. Creatine loading was 



Table 1 Muscle mass and muscle-to-body mass ratio of rats after creatine feeding and exercise training 



Muscle Diet Activity level Muscle mass (mg) Muscle-to-body mass ratio 



Soleus 


Creatine 


Sedentary 


252.0±9.53 


0.41±0.011 






Run 


258.6±21.63 


0.46±0.030 




Control 


Sedentary 


275.7±17.24 


0„45±0.019 






Run 


263.9±22.50 


0.51±0.015 


Extensor digitorum longus 


Creatine 


Sedentary 


270.0±14.66 


0.44±0.013 






Run 


233.7±17.30 


0.45±0.034 




Control 


Sedentary 


296. 1±2 1.70 


0.48±0.036 






Run 


253.1±31.62 


0.46±0.019 


Medial gastrocnemius 


Creatine 


Sedentary 


1,639.1±51.11 


2.70±0.075 






Run 


1,323.3±69.23 


2.56±0.013 




Control 


Sedentary 


1,486.3±82.00 


2.45±0.074 






Run 


1,239.1±113.33 


2.38±0.141 


Plantaris 


Creatine 


Sedentary 


615.0±26.33 


1.00±0.028 






Run 


550.0±23.77 


1.02±0.047 




Control 


Sedentary 


601.7±35.10 


0.99±0.023 






Run 


565.6±41.56 


1.09±0.039 



Data are means±SEM 
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Table 2 Contractile properties of rat muscles after creatine feeding and exercise training 



Muscle 


Diet 


Activity level 


TTP (ms) 


1/2 RT (ms) 


1/2 FT (ms) 


Soleus 


Creatine 


Sedentary 


57.8*3.53 


34.3*2.50 


57.7±4.85 






Run 


53.2*3.90 


31.5*2.08 


50.2*3.91 




Control 


Sedentary 


55.8*2.12 


32.3±2.87 


59.2±5.92 






Run 


47.2*3.69 


26.1±2.01 


51.9*3.66 


Extensor digitorum longus 


Creatine 


Sedentary 


43.8*1.38 


23.0*1.46 


28.7*3.14 






Run 


42.7*1.76 


23.3*1.29 


27.1*3.68 




Control 


Sedentary 


41.5±1.U 


23.5±U5 


21.4*2.11 






Run 


42.2*1.00 


22.2*1.47 


29.2*2.71 


Medial gastrocnemius 


Creatine 


Sedentary 


26.9*0.84 


16.7*0.93 


13.0*0.51 






Run 


27.5*0.73 


17.8*1.05 


14.5*0.67 
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Run 


27.6*0.98 


17.2*1.07 


14.U0.42 


Plantaris 


Creatine 


Sedentary 


30.5*1.28 


18.4*1.39 


19.0*1.55 






Run 


32.9*1.40 


19.3*1.04 


18.8*1.62 




Control 


Sedentary 


29.2*1.68 


17.6*1.25 


18.9±1.37 






Run 


32.5±1.34 


18.1*1.26 


19.0*1.39 



Data are means±SEM. TTP is time-to-peak tension. 1/2 RT is the half-rise time. 1/2 FT is the half-time for muscle relaxation 



evident by the elevation of TCr (-20-22%) in the Cre-Run 
group compared with the Con-Run group (Fig. 3). Cr 
loading was also confirmed for all muscles in the 
sedentary groups by the increased fatigue resistance at 
10 s (i.e. lower FI 10s ), which has previously been shown to 
directly result from increases in TCr and PCr stores 
[11,26, 28]. 

MHC isoform content The method used to isolate and 
quantify MHC isoforms is shown in Fig. 4 and the 
corresponding data are summarized in Fig. 5 and Table 5. 
With the exception of the plantaris muscle, Cr feeding did 



not induce MHC-based fibre-type changes in the muscles 
investigated (Fig. 5; Table 5). In the plantaris, Cr 
supplementation resulted in different effects in the running 
compared with the sedentary groups. Namely, Cr feeding 
in the running condition increased MHCIIb content by 
13% (P<0.00001) (Fig. 5d) and resulted in 7 and 6% 
decreases (PO.0002) in MHCIId/x (Fig. 5c) and MHCIIa 
(Fig. 5b), respectively. In contrast, Cr feeding in the 
sedentary condition resulted in a 12% increase in MHCIId/ 
x (P<0.0001) (Fig. 5c) at the expense of a 12% decrease in 
MHCIIb isoform content (PO.0006) (Fig. 5d). 



Table 3 Isometric force production of rat muscles after creatine feeding and exercise training 



Muscle 


Diet 


Activity level 


TW f (mN) 


TETf (mN) 


Sag ratio 


Soleus 


Creatine 


Sedentary 


485±49.7 


2,754*1 38.5 a 


4.05*0.165 






Run 


450±54.8 


2,735*194.0 


4.26*0.205 




Control 


Sedentary 


603±77.4 


3,309*140.5 


3.92*0.159 






Run 


584±72.6 


3,025*180.3 


3.93*0.186 


Extensor digitorum longus 


Creatine 


Sedentary 


1,319*112.8 


3,570*161.5 


0.98*0.097 






Run 


1,227±120.2 


3,313*185.3 


0.86*0.025 




Control 


Sedentary 


1,403±182.7 


3,909*170.0 


0.80*0.033 






Run 


1,1 95±1 29.2 


3,241*154.0 


0.90*0.073 


Medial gastrocnemius 


Creatine 


Sedentary 


1,426±91.4 


6,859*410.6 


1.30*0.085 






Run 


1,280*129.3 


6,918*429.5 


1.40*0.090 




Control 


Sedentary 


1,386±122.7 


6,606*380.3 


1.36*0.120 






Run 


1,281±109.0 


6,606*500.7 


1.33*0.115 


Plantaris 


Creatine 


Sedentary 


1,400*131.0 


6,349±480.0 a 


1.22*0.095 






Run 


1,565*273.3 


6,258*364.1 


1.34*0.086 




Control 


Sedentary 


1,177*141.7 


5,365*356.4 


1.28*0.171 






Run 


1,566*226.1 


6,025*254.5 


1.27*0.120 



Data are means±SEM. TW f is twitch force. TET f is tetanic force 
indicates creatine is different than control within an activity level, P<0.05 
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Fig. 2 



Discussion 

This study employed the highest Cr dose combined with 
the longest longitudinal design to date. We report the novel 
finding that muscle Cr loading during 12 weeks of running 
exercise induced a faster MHC-based phenotype in the 
fast-twitch rat plantaris muscle. Surprisingly, correspond- 
ing changes in the isometric contractile properties were 
minimal. Despite evidence of Cr loading, either by direct 
biochemical measures or indirectly by greater fatigue 
resistance at 10 s of stimulation, the selective effect of Cr 
supplementation on the plantaris appears to be related to 
the much greater recruitment of type IIB and IED/X fibres 
during voluntary wheel-running in this muscle. 



Anthropometrical parameters, activity level and diet 

Voluntary running was used in our study, as opposed to 
treadmill running, to reduce stress-induced physiological 
changes [29], which have the potential to interact with and 
confound physiological adaptations produced by exercise 
training. The young weanling rats in our study exhibited 
nocturnal, intermittent, high-intensity running activity 



Table 4 Concentrations of high-energy phosphates in rat muscles after creatine feeding and exercise training 



Muscle 


Diet 


Activity level 


IMP 


AMP 


ADP 


ATP 


ADP free 


ATP/ADP^ 


Medial gastrocnemius 


Creatine 


Sedentary 


2.04±0.365 a 


0.31±0.018 a 


4.5±0.28 


21.7±2.00 


11.9±0.80 


377±40.9 






Run 


3.03±0.572 


0.40±0.023 


4.6±0.51 


22.4±1.19 


13.9±1.39 


335±26.0 




Control 


Sedentary 


3.04±0.437 


0.45±0.033 


4.3±0.22 


23.8±0.57 


11.8*0.98 


365±20.4 






Run 


3.20±0.582 


0.35±0.043 


4.0±0.64 


19.5±2.34 


9.5±2.61 


322±39.2 


Plantaris 


Creatine 


Sedentary 


0.82±0.137 


0.46±0.022 


3.9±0.15 


20.4±0.97 


12.3il.36 


368±46.4 






Run 


0.71±0.167 


0.55±0.053 


4.6±0.03 


23.3±1.28 


19.0±3.59 a 


331±34.1 




Control 


Sedentary 


0.80±0.203 


0.46±0.013 


4.1±0.15 


22.9±0.68 


11.3±1.74 


488±72.3 






Run 


0.62±0.208 


0.54±0.043 


4.4±0.21 


23.3±1.03 


11.5±0.90 


379±30.5 



Data are means±SEM and expressed as mmol/kg of dry weight, with the exception of the ADP^ and ATP/ADP free . ADP free is expressed as 
umol/kg wet weight 

indicates creatine is different than control within an activity level (F<0.05) 



Fig. 4 Electrophoretic method 
used to separate and quantify 
myosin heavy chain (MHC) 
isoforms in the soleus (a), ex- 
tensor digitorum longus (b), 
medial gastrocnemius (c) and 
plantaris (d) 
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similar to patterns previously reported [16, 30] and ran at 
speeds that are known to elicit maximal oxygen uptake 
[31]. Compared with the findings of Rodnick et al. [30], 
our rats could be considered "low activity" runners. Our 
rats, however, only had access to the running wheels for 
12 h/day compared with 24 h access in the study of 
Rodnick et al. Furthermore, unlike the study of Rodnick et 
al., we took precautions to eliminate counting partial wheel 
revolutions, which are known to artificially elevate the total 
daily distance ran. This is because rats typically display 
"rocking behaviour" on activity wheels during recovery 
periods, leading to half revolutions being counted as full. In 



contrast, Morse et al. [1 6] used a computer counting system 
similar to ours that only counted full wheel revolutions and 
reported similar daily running distances, in rats fed ad 
libitum (i.e., approximately 5 km at 8 weeks of age). Thus, 
the running distances observed in our study can be more 
appropriately described as moderate for most of our study. 
The same average daily distance ran by very young rats at 
the beginning of the study may, however, be considered as 
high compared with these previous studies [16, 30]. 
Overall, the running protocol was well tolerated by all 
animals, and Cr consumption did not interfere with fluid 
intake, food intake, or running behaviour. 



Fig. 5 Myosin heavy chain 
(MHC) isoform composition of 
plantaris muscle. MHCI content 
(a), MHCIIa (b), MHCIId/x 
(c) and MHCIIb (d). Symbols as 
per Figs. 1 and 2 
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Table 5 Myosin heavy isoform composition of rat soleus, extensor digitorum longus, and medial gastrocnemius 


Muscle 


Diet 


Activity level 


MHCI 


MHCna 


MHCIId/x 


MHCIIb 


Soleus 


Creatine 


Sedentary 


86.3±2.40 


13.6±2.39 


- 


- 






Run 


79.4±2.25 


20.6±2.26 


- 


- 




Control 


Sedentary 


86.0±2.01 


14.0*2.01 


- 


- 






Run 


80.9±2.56 


17.2±2.97 


- 




Extensor digitorum longus 


Creatine 


Sedentary 


3.9±1.02 


9.6±1.08 


37.4±2.00 


48.4±1.97 






Run 


3.1±0.31 


12.6±0.81 


37.5±1.28 


46.9±1.19 




Control 


Sedentary 


3.6±0.50 


8.3±1.23 


40.6±1.84 


49.7±1.60 






Run 


5.3±U8 


ll.ldbl.92 


39.8±1.97 


47.2±1.92 


Medial gastrocnemius 


Creatine 


Sedentary 


5.9±0.89 


7.1±1.10 


31.9±1.99 


55.4±2.32 






Run 


7.4±0.92 


10.8±0.59 


30.1±1.15 


50.4±1.29 




Control 


Sedentary 


6.8±0.60 


8.4±0.66 


28.3±1.97 


55.1±1.75 






Run 


6.1±0.60 


9.2±1.09 


30.4±2.58 


51.8±2.72 



Data are means±SEM 



Creatine 

Creatine consumption in our study was 6-7 times higher 
than loading doses used in human studies and is the highest 
dose reported to date [10, 28 ? 32]. The higher dosage was 
adopted to account for the greater relative metabolic 
activity of rats and to maximize long-term Cr loading 
during the most rapid growth phase in the rat. In addition, 
Cr was fed in a 5% dextrose solution, to facilitate giucose- 
mediated-insulin release, which has been shown to further 
stimulate Cr transport [33]. Exercise has also been reported 
to stimulate glucose/Cr uptake and probably, also facili- 
tated additional Cr entry into the exercising muscles [34]. 
Collectively, both glucose feeding and exercise in 
combination with Cr feeding would have maximized Cr 
uptake into the skeletal muscles. Indeed, the intramuscular 
concentration of TCr observed in our plantaris muscles 
(Fig. 3) was comparable to two recent studies [7, 8] and 
was clearly elevated in the Cre-Run group. 

Increases in TCr content due to Cr feeding in the soleus, 
extensor digitorum longus and gastrocnemius reported by 
others over 1-8 weeks [7, 8, 35] are comparable to the 
increments we observed within the plantaris, despite the 
greater amount of Cr administered and longer duration of 
our study While higher doses and prolonged Cr feeding 
did not further enhance TCr concentration, it did maintain 
TCr at an elevated level throughout the study. When our 
findings are considered with those of Loike et al. [36], it 
seems likely that a potential maximum loading capacity 
exists which eventually limits Cr entry into muscle. 
Brannon et al. [8] reported that TCr levels reached a 
plateau in the plantaris after the 14th day of Cr 
supplementation and that prolonged Cr feeding, albeit at 
lower doses than in the present study, did not induce any 
further increases. Thus, it is probable that late down- 
regulation of Cr transport capacity accounts for the absence 
of detectable increases in TCr in the plantaris of the Cre~ 
Sed group after 12 weeks [37]. 



Muscle contractile properties and myosin heavy chain 
isoform content 

Rats were preselected for their willingness to run, as 
described by Morse [16], before randomisation into the Cr 
or control groups, which limits our direct statistical 
comparisons to within an activity level. It is, however, 
interesting to note that the absence of differences in the 
MHC-isoform profile or contractile properties of the 
extensor digitorum longus, medial gastrocnemius and 
soleus between the four groups studied suggests that 
inherent differences in muscle fibre types between the rats 
did not exist. In contrast, the more heavily recruited 
plantaris of the Con-Run group displayed 6 and 12% 
increases in MHCIIa and MHCIId/x and a 19% decrease in 
MHCIIb compared to the Con-Sed group, while this 
transition seemed to be attenuated in the Cre-Run group. 
When considered with a large number of studies showing 
that chronic exercise training results in MHC-based fast-to- 
slow fibre transitions (for reviews see [38^0]), it is 
interesting to note that these data seem to indicate that 
muscle Cr loading may have the potential to abolish 
exercise-induced MHC isoform transitions from fast 
MHCIIb to slower MHCIIa in rat fast-twitch muscle. A 
direct statistical comparison between the Cre-Run and 
Con-Run groups supports this interpretation (Fig. 5), 
namely, lower MHCIIa and MHCIId/x contents and greater 
MHCIIb content in the Cre-Run group, as compared with 
Con-Run. 

The absence of any differences in the speeds of 
contraction and relaxation (i.e. TTP, 1/2 RT and 1/2 FT) 
in the plantaris between the two running groups was 
surprising, especially in light of the significant increase in 
MHCIIb, and decreases in MHCIId/x and MHCIIa in the 
Cre-Run group. Although it is not possible to discern the 
underlying cause(s) for the apparent disconnection be- 
tween the relative MHC isoform contents and isometric 
measures of contraction speed in the plantaris, it is 
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noteworthy that the physiological measures used in our 
study are also influenced by intracellular calcium kinetics. 
The absence of changes in Ca 24 -ATPase isoform expres- 
sion in slow (SERCA1) or fast fibres (SERCA2) or in 
parvalbumin content could account for our observations. 
Alternatively, a reduction in the myosin light chain (MLC) 
ratio of MLC 3f to MLC 2 f [8,41, 42] may have counteracted 
potential changes in the physiological function that are 
typically associated with changes in MHC isoform content. 
Both of these possibilities are being investigated. 

Greater tetanic force in the sedentary plantaris muscle 
after Cr loading (Table 3), was not attributed to changes 
in muscle mass (Table 1) but was related to greater 
MHCIId/x content and a corresponding decrease in 
MHCIIb (Fig. 5c,d). This indicates a selective effect of 
Cr uptake within the fast fibre population of the plantaris 
under some conditions, not unlike those recently noted in 
human muscles [32]. The greater TET f associated with 
increased MHCIId/x content corresponds to the findings 
of Bottinelli et al. [41] who reported that isometric force 
production of individual, skinned IIX fibres is approxi- 
mately 30% greater than that of IIB fibres. Collectively, 
our findings in the plantaris muscle show that prolonged 
Cr consumption can influence the MHC-based phenotype. 
Moreover, when contrasted with muscles of similar fast- 
twitch fibre types that are not as heavily recruited and 
those with a slow fibre type profile, its effects appear to 
be highly dependent on the initial fibre-type composition 
and the degree to which the muscle is recruited. 



Influences of the intramuscular phosphorylation 
potential on MHC isoform expression 

The IPP (i.e., ATP/ADP free ratio) has been proposed to be 
an important physiological signal that may influence MHC 
isoform expression [1], Freyssenet et al [5] showed that 
6 weeks of 3-guanidinopropionic acid ((3-GPA) feeding 
decreased the IPP in the rat extensor digitorum longus by 
reducing ATP concentration, independent of changes in 
ADP free? which resulted in a more oxidative phenotype. 
Using similar experimental paradigms, Petrofsky et al. [6] 
and Ren et al. [2] reported fast-to-slower fibre type 
conversions in rodent muscles. More recently, Conjard et 
al. [4] showed a very strong correlation between the IPP 
and MHC isoform expression in single fibres obtained 
from normal and chronically stimulated muscles. For 
example, 30 days of CLFS resulted in twofold decreases in 
PCr and the ATP/ADP free ratio, which corresponded to 
proportional fast-to-slow fibre type transitions. Collec- 
tively, these studies demonstrate that the intramuscular 
cellular energetic potential can be manipulated by diet and 
activity, suggesting that the IPP can have a profound 
impact on skeletal muscle fibre phenotype. 

As expected the resting ATP/ADP free ratio within medial 
gastrocnemius and plantaris remained unaffected by Cr 
supplementation (Table 4). These findings are consistent 



with a recent report by McMillen et al. [35], who reported 
that Cr supplementation increased TCr in fast-twitch rat 
muscle without altering the resting ATP/ADP free ratio, as 
expected by the equilibrium nature of creatine kinase. 
Based on previous studies, one would not expect to observe 
an increase in the resting IPP in response to prolonged Cr 
feeding, but rather, a greater capacity to attenuate exercise- 
induced reductions in the IPP [4, 9, 28, 35]. In the present 
study, measurement of the ATP/ADP free ratio during 
voluntary wheel ninning was technically impossible. How- 
ever, there is considerable evidence from previous studies 
to indicate that muscles which experience prolonged in- 
creases in TCr content benefit from an enhanced rate and 
capacity for high-energy phosphate shuttling during activ- 
ity [12-14, 43]. This is supported by studies which have 
shown that Cr loading results in a more rapid restoration of 
the ATP/ADPfree during recovery [9, 28]. Thus, it seems 
reasonable that a greater average IPP in the plantaris of the 
Cre-Run group contributed to the maintenance of a faster 
MHC phenotypic profile (Figs. 4d and 5b-d). 

While the molecular events that underlie our findings 
remain unknown, the existence of yet undiscovered 
energetically sensitive protein kinase(s), or czs-activatirig 
energetic response elements and their associated trans- 
activating factors are intriguing possibilities. Alternatively, 
greater IPP during repeated muscular contractions and 
recovery would be expected to enhance the uptake and 
sequestration of cytosolic Ca 2+ [44, 45], to preserve 
parvalbumin content [46-48] and consequently, reduce 
the activation of calcineurin, a calcium-dependent protein 
phosphatase, which stimulates slow fibre-specific gene 
promoters [46, 49]. 
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Gallo M, MacLean I, Tyreman N, Martins KJ, Syrotuik D, 
Gordon T, Putman CT. Adaptive responses to creatine loading and 
exercise in fast-twitch rat skeletal muscle. Am J Physiol Regul Integr 
Comp Physiol 294: R1319-R1328, 2008. First published January 23, 
2008; doi:10.1152/ajpregu.00631.2007.— We investigated the effects 
of chronic creatine loading and voluntary running (Run) on muscle 
fiber types, proteins that regulate intracellular Ca 2+ , and the metabolic 
profile in rat plantaris muscle to ascertain the bases for our previous 
observations that creatine loading results in a higher proportion of 
myosin heavy chain (MHC) lib, without corresponding changes in 
contractile properties. Forty Sprague-Dawley rats were assigned to 
one of four groups: creatine-fed sedentary, creatine-fed run-trained, 
control-fed sedentary, and control-fed run-trained animals. Proportion 
and cross-sectional area increased 10% and 15% in type lib fibers and 
the proportion of type Ila fibers decreased 11% in the creatine-fed 
run-trained compared with the control-fed run-trained group (P < 
0.03). No differences were observed in fast Ca 2+ -ATPase isoform 
SERCA1 content (P > 0.49). Creatine feeding alone induced a 41% 
increase (P < 0.03) in slow Ca 2+ -ATPase (SERCA2) content, which 
was further elevated by 33% with running (P < 0.02). Run training 
alone reduced parvalbumin content by 50% (P < 0.05). By compar- 
ison, paralbumin content was dramatically decreased by 75% (P < 
0.01) by creatine feeding alone but was not further reduced by run 
training. These adaptive changes indicate that elevating the capacity 
for high-energy phosphate shuttling, through creatine loading, allevi- 
ates the need for intracellular Ca 2+ buffering by parvalbumin and 
increases the efficiency of Ca 2+ uptake by SERCAs. Citrate synthase 
and 3-hydroxyacyl-CoA dehydrogenase activities were elevated by 
run training (P < 0.003) but not by run training + creatine feeding. 
This indicates that creatine loading during run training supports a 
faster muscle phenotype that is adequately supported by the existing 
glycolytic potential, without changes in the capacity for terminal 
substrate oxidation. 

fiber type transitions; myosin heavy chain; Ca 2+ -ATPase; SERCA; 
parvalbumin 



in rodent skeletal muscles, exercise training leads to struc- 
tural, contractile, and metabolic changes that enhance fatigue 
resistance and improve the efficiency of muscle contraction. 
Importantly, these molecular and physiological adaptations 
encompass the transformation of contractile proteins from fast 
to slower isoforms (1, 12, 30, 46, 62) and increase oxidative 
capacity (20, 30, 33, 55). Endurance exercise training of rodent 
muscles has been shown to induce myosin heavy chain 
(MHC)-based fiber type transitions typified by increases in 
type I and Ila fibers and corresponding decreases in the fastest 
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type Ild/x and lib fibers (20, 45). In a previous study (16), we 
showed that muscle creatine loading attenuated running-in- 
duced fast-to-slow MHC isoform transitions as determined by 
SDS-PAGE. Specifically, creatine loading prevented increases 
in MHC Ila and induced an increase in MHC lib at the expense 
of MHC Ild/x. Without detailed immunohistochemical analy- 
ses, however, it was not possible to discern whether changes in 
the proportions of the various MHC isoforms resulted from 
fiber type transitions within the fast-twitch type II subpopula- 
tions or from fiber-specific hypertrophy or atrophy. 

In our previous study (16), we did not detect reductions in 
time to peak twitch tension, half-rise time, or half-fall time, 
despite a significant transition toward a faster muscle fiber 
phenotype. Expression levels of intracellular proteins that reg- 
ulate Ca 2+ kinetics (i.e., Ca 2+ -ATPase isoforms and parvalbu- 
min) can alter the properties of the excitation-contraction- 
relaxation cycle and could explain the apparent disconnect 
between contractile properties and muscle fiber phenotype. 
Green et al. (19) reported substantial reductions in the content 
of the Ca 2+ -buffering protein parvalbumin in rat fast-twitch 
muscle that paralleled the transformation of muscle fibers from 
a fast-fatigable to a slow-oxidative phenotype after 15 wk of 
endurance training. Using another model of endurance training 
(e.g., chronic low-frequency stimulation), other investigators 
(10, 22, 26, 31, 37) reported similar reductions in parvalbumin 
content in several rodent models that also corresponded to 
fast-to-slow fiber type transitions and were found to correlate with 
prolongation of the excitation-contraction-relaxation cycle (10, 
60). These (10, 19, 22, 26, 31, 37) and other related studies (23, 
24, 31, 35, 36) also consistently showed activity-induced de- 
creases in the fast Ca 2+ -ATPase isoform tsarco(endo)plasmic 
reticulum Ca 2+ -ATPase (SERCA1)] and increases in the slow 
SERCA2 isoform within rodent fast-twitch muscles. 

Exercise-induced fast-to-slow fiber type transitions in the rat 
are also accompanied by a shift from those that are primarily 
reliant on glycogenolytic ATP production to those that rely on 
aerobic pathways of energy production (19, 20, 33). Maximal 
citrate synthase (CS) and 3-hydroxyacyl-CoA dehydrogenase 
(HADH) activities have been shown to be proportional to the 
maximum aerobic capacity, whereas phosphofructokinase 
(PFK) and GAPDH activities consistently reflect glycolytic 
potential (45, 47). 

The purpose of the present study was to determine whether 
enhancing the cellular energy status of the plantaris muscle by 
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chronic creatine feeding would allow this fast-twitch muscle to 
retain its fast-glycolytic phenotype after prolonged voluntary 
running. A secondary purpose was to investigate changes in the 
proteins that are known to regulate intracellular Ca 2+ kinetics 
to explain the apparent disconnect between muscle fiber types 
and isometric functional measures. 

METHODS 

Animals and care. Forty male weanling (3-wk-old) Sprague-Daw- 
ley rats, which were part of a previous related study (16), were 
examined in the present study. All experiments were completed in 
accordance with the guidelines of the Canadian Council for Animal 
Care and received ethical approval from the University of Alberta 
Health Sciences Animal Welfare and Policy Committee. Animals 
were individually housed under controlled environmental conditions 
(22°C and 12:12-h light-dark cycle) and ingested high-protein rat 
chow and their assigned drinking solutions ad libitum. Body mass and 
food and solution intake were monitored throughout the study and are 
reported elsewhere (16). Total creatine content of the plantaris mus- 
cles was elevated by 22% after the animals consumed a solution of 1% 
creatine and 5% dextrose ad libitum for 13 wk, also as previously 
reported (16). 

Experimental design. A 13-wk endurance running protocol on 
activity wheels (Wahmann, Baltimore, MD) was carried out according 
to a procedure described by Morse et al. (41) and Gallo et al. (16). 
Animals were randomly assigned to one of the following groups (n = 
10 per group): creatine-fed sedentary (Cre-Sed), creatine-fed run- 
trained (Cre-Run), control-fed sedentary (Con-Sed), and control-fed 
run-trained (Con-Run). The run-trained groups had access to the 
activity wheels for 12 h/day. There were no differences (P > 0.64) 
between Cre-Run and Con-Run groups with regard to daily or total 
distance run throughout the study (16). The creatine-fed groups 
consumed a 1% creatine solution (Createam, NutraSense, Shawnee 
Mission, KS) in 5% dextrose (Fisher Scientific, Fairlawn, NJ); the 
control groups consumed a 5% dextrose solution. 

Muscle sampling. On completion of the study, muscles were 
collected from heavily anesthetized (45 mg/kg ip pentobarbital so- 
dium; MTC Pharmaceutical, Cambridge, ON, Canada) animals ac- 
cording to Gallo et al. (17). Plantaris muscles that were used for 
irnmunohistochemical analyses were isolated from the left hindlimb, 
weighed, fixed in a slightly stretched position, and frozen in melting 
isopentane (-156°C). Plantaris muscles from the right hindlimbs 
were freeze clamped using clamps that were prechilled in liquid N 2 , 
stored in liquid N2, and subsequently used for biochemical analyses. 
Animals were euthanized with an overdose of pentobarbital sodium 
(100 mg/kg) and then exsanguinated. 

Antibodies for immunohistochemistry. Monoclonal antibodies di- 
rected against adult MHC isoforms (58, 59) were harvested from 
hybridoma cell lines (American Type Culture Collection, Manassas, 
VA): BA-D5 (IgG and anti-MHC I), SC-71 (IgG and anti-MHC Ha), 
BF-F3 (IgM and anti-MHC lib), and BF-35 (IgG and all MHCs, but 
not MHC Ild/x). Biotinylated horse anti-mouse IgG (rat-absorbed, 
affinity-purified), biotinylated horse anti-goat IgG, and biotinylated 
goat anti-mouse IgM were obtained from Vector Laboratories (Bur- 
lingame, CA), and nonspecific control mouse IgG was obtained from 
Santa Cruz Biochemicals (Santa Cruz, CA). 

Immunohistochemistry for myosin. Plantaris muscles were mounted 
in embedding medium (Tissue-Tek OCT Compound, Miles Scien- 
tific), and 10-|xm-thick frozen sections were collected from the mid- 
point of each muscle at — 20°C. Immunocytochemical staining was 
completed according to Putman et al, (52). Sections were air-dried, 
washed in PBS with 0.1% Tween 20 (PBS-T) and then with PBS, and 
incubated for 15 min in 3% H 2 0 2 in methanol. Serial sections stained 
for MHC I, MHC Ha, and all MHCs, but not MHC Ild/x, were 
incubated at room temperature for 1 h in a blocking solution [blocking 
solution I: \% BSA and 10% horse serum in PBS-T (pH 7.4)] 



containing Avidin-D Blocking Reagent (Vector Laboratories); on 
sections stained for MHC lib, goat serum was substituted for horse 
serum (blocking solution 2). Sections were incubated overnight at 4°C 
with the primary antibody diluted in its corresponding blocking 
solution, which contained a biotin blocking reagent (Vector Labora- 
tories). Antibodies were diluted as follows: BA-D5 at 1:400, SC-71 at 
1:100, BF-35 at 1:10,000, and BF-F3 at 1:400. Sections were washed 
as described above and incubated for 1 h with biotinylated horse 
anti-mouse IgG (1:200 dilution; MHC I and MHC Ila, but not MHC 
IlaVx) or biotinylated goat anti-mouse IgM (1:400 dilution; MHC lib). 
Sections were washed and incubated with Vectastain ABC Reagent 
[i.e., avidin-biotin-horseradish peroxidase (HRP) complex, Vector 
Laboratories], and immunoreactivity was developed by incubation 
with a solution containing diaminobenzidine, H2O2, and NiCl 2 in 50 
mM Tris-HCl (pH 7.5; Vector Laboratories). Control samples were 
run in parallel; in these samples, the primary IgM antibody was 
omitted, or a nonspecific mouse IgG antibody was substituted (Santa 
Cruz Biochemicals). All sections were subsequently dehydrated, 
cleared, and mounted in Entellan (Merck, Darmstadt, Germany). 

Irnmunohistochemical analyses. All semiquantitative analyses were 
completed with a Leitz Diaplan microscope (Enrst Leitz Wetzlar) 
fitted with a Pro Series high-performance charge-coupled device 
camera (Media Cybernetics) and a custom-designed analytical imag- 
ing program (51). Muscle fibers stained for the various MHC isoforms 
from three distinct cross-sectional areas (CSAs) of the plantaris 
muscle (i.e., deep, middle, and superficial) were examined for each of 
the Cre-Sed (185 ± 18 total fibers/muscle), Cre-Run (210 ± 16 total 
fibers/muscle), Con-Sed (190 ± 14 total fibers/muscle), and Con-Run 
(198 ± 19 total fibers/muscle) groups. A total of 7,830 fibers were 
examined for fiber type distribution analyses. Fiber area analyses were 
performed on the same fibers. Type I, Ha, and lib fibers were iden- 
tified by positive staining, and type Ild/x fibers were identified by the 
absence of staining with clone BF-35, as well as all other antibodies. 
An individual who was blind to the treatment conditions of each 
muscle completed all histological analyses. 

Parvalbumin Western blot analyses. Frozen plantaris muscles were 
pulverized under liquid N 2 . An aliquot of muscle powder was diluted 
1:4 in a buffer [20 mM Tris-HCl, 300 mM sucrose, and 0.2 mM 
PMSF (pH 7.4)] and homogenized using a glass homogenizer (Kontes 
Glass, Vineland, NJ). Samples were stirred on ice for 20 min and 
centrifuged at 1,000 g for 10 min at 4°C. The supernatant was 
collected and stored at -20°C. Protein concentrations were deter- 
mined according to Bradford (8). Samples were diluted to a final 
concentration of 1 |xg/|nl with the homogenization buffer containing 
0.1% (wt/vol) bromphenol blue and heated for 10 min at 65 °C. 
Electrophoresis was performed on a 1.5 -mm- thick 15% (wt/vol) 
polyacrylamide minigel (3.5% stacking gel; Protean-II, Bio-Rad Lab- 
oratories, Mississauga, ON, Canada) at 25-40 mA for 2 h (Mini Trans 
Blot Cell, Bio-Rad Laboratories). Equal amounts of protein (10 
|xg/lane) were loaded. Proteins were electrotransferred (wet) onto a 
polyvinylidene difluoride membrane (63) and stained with Ponceau S 
(Sigma-Aldrich, Oakville, ON, Canada) as confirmation of equal 
loading between lanes. Membranes were destained, blocked in a 
buffer containing skim milk powder (5% wt/vol) and PBS-T (0.1% 
vol/vol) for 1 h, and incubated for 1 h with rabbit polyclonal anti- 
parvalbumin (0. 1 |xg/ml in the blocking solution, IgG; Abeam, Cam- 
bridge, MA). Membranes were then washed and incubated for 1 h 
with anti-rabbit IgG-HRP (1:3,000 in the blocking solution; Vector 
Laboratories) and washed several times. Immunoreactivity was visu- 
alized with detection reagents (Amersham Biosciences, Montreal, QC, 
Canada) and corresponded to mat of a 12-kDa molecule, as deter- 
mined by comparison with standard molecular weight markers (Pre- 
cision Plus Protein Standards, Bio-Rad Laboratories). All samples 
were evaluated in duplicate. Immunoblots were evaluated by integrat- 
ing densitometry using GeneSnap and GeneTools (Chemigenius Gel 
Documentation System, Syngene). Membranes were reprobed with 
monoclonal anti-a-actinin (diluted 1:500 in blocking solution; clone 
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EA-53, Sigma- Aldrich), which served as the internal control and 
further confirmed equal loading between lanes. Immunoreactivity for 
a-actinin (100 kDa) was visualized as described above after incuba- 
tion with anti-mouse IgG (diluted 1:2,000 in blocking solution; Vector 
Laboratories). 

Ca 2+ -ATPase Western blot analyses. Frozen plantaris muscle sam- 
ples were minced and homogenized using a glass homogenizer in a 
buffer (diluted 1:4) containing 50 mM Tris-HCl, 1 mM Na 2 EDTA, 
0.1% Triton X-100, and 5 mg/ml of protease inhibitor (pH 7.6). 
Homogenates were stirred on ice for 20 min and centrifuged at 
1,000 g for 10 min at 4°C. The supernatant was collected and 
stored at -20°C. Protein concentrations were determined as de- 
scribed above. Samples were further diluted as described above and 
heated for 3 min at 85°C. Equal amounts of protein were loaded (50 
and 80 |xg/lane for SERCA1 and SERCA2, respectively). Electro- 
phoresis was performed on 1.5-mm-thick 1% (wt/vol) polyacrylamide 
minigels (3.5% stacking gel; Protean-II, Bio-Rad Laboratories) for 30 
min at 60 V and, subsequently, for 90 min at 140 V. Separated 
proteins were transferred to a polyvinylidene difluoride membrane 



(63). Equal loading was confirmed using Ponceau S (see above). 
Membranes probed for Ca 2+ -ATPase isoforms were blocked in a 
buffer containing skim milk powder (2.5% wt/vol) and BSA (1% 
wt/vol) in PBS-T (0.1%, pH 7.4) and then incubated with monoclonal 
anti-SERCAl (diluted 1:5,000 in blocking solution; Abeam) or mono- 
clonal anti-SERCA2 (1:4,000 dilution; Abeam) overnight at 4°C. 
Membranes probed for SERCA1 were washed and incubated with 
anti-mouse IgG-HRP (diluted 1:3,000 in blocking solution; Vector 
Laboratories) for 1 h, washed again, and developed as described 
above. Membranes probed for SERCA2 were incubated with biotin- 
ylated anti-mouse IgG (diluted 1:400 in blocking solution; Vector 
Laboratories) for 1 h and incubated again for 1 h with peroxidase- 
labeled streptavidin (diluted 1:500 in blocking solution; KPL, Gaith- 
ersburg, MD), washed, and developed as described above. Immuno- 
reactivity for both Ca 2+ -ATPase isoforms corresponded to that of a 
110-kDa molecule. All samples were evaluated in duplicate (see 
above). Membranes were reprobed with polyclonal anti-p-actin (1: 
2,000 dilution; Abeam), which served as the internal control and 
further confirmed equal loading. Immunoreactivity of (3-actin was 



Cre-Run group Con-Run group 




Fig. 1. Representative photomicrographs of myosin heavy chain 
(MHC) immunohistochemistry of plantaris muscle from creatine- 
fed run-trained (Cre-Run, A-D) and control-fed run-trained (Con- 
Run, E-H) groups. A and E: immunostains of MHC I (clone 
BA-D5); B and F: immunostains of MHC Ila (clone SC-71); 
C and G: immunostains of all MHC isoforms except MHC IId/(x) 
(clone BF-35); D and H: immunostains of MHC lib (clone 
BF-F3). Scale bar, 100 |xm. 
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visualized as described above after incubation with a biotinylated 
anti-rabbit IgG (diluted 1:2,000 in blocking solution; Vector Labora- 
tories) and peroxidase-labeled streptavidin (diluted 1:500 in blocking 
solution; KPL). 

Metabolic enzyme measurements. The tricarboxylic acid cycle (CS 
and HADH) and glycolytic (GAPDH and PFK) reference enzymes 
examined in this study are equilibrium enzymes that display zero 
kinetics in vivo; thus their maximum activity is directly proportional 
to their respective protein contents (45, 47). For measurements of CS 
(EC 4.13.7), HADH (EC 1.1.1.35), GAPDH (EC 1.2.1.12), and PFK 
(EC 2.7.1.1 1), muscles were extracted in a high-salt medium contain- 
ing 5 mM EDTA and 100 mM sodium/potassium phosphate buffer 
(pH 7.2) (52), with the addition of 0.1% (vol/vol) Triton X-100, to 
ensure complete extraction of soluble and structure-bound activities. 
To stabilize GAPDH, DTT was added to an aliquot of the supernatant 
fraction yielding a 2 mM final concentration. Similarly, for stabiliza- 
tion of PFK, fructose 1,6-bisphosphate and DTT were added to an 
aliquot of the supernatant fraction yielding final concentrations of 1 
and 2 mM, respectively. Maximal CS activity was subsequently 
measured at 30°C (52, 61). Maximal HADH activity was also deter- 
mined at 30°C as described elsewhere (3, 52). Maximal PFK and 
GAPDH activities were immediately measured after homogenization 
at 30°C (3, 52). 

Statistical analyses. Data are normally distributed and summarized 
as means ± SE. Differences between group means were assessed 
using a two-way analysis of variance. When a significant F ratio was 
found, differences were located using the least significant difference 
post hoc analysis for planned comparisons. Differences were consid- 
ered significant at P < 0.05, but actual P values are cited. 

RESULTS 

Fiber type transitions. Fiber type transitions of the plantaris 
muscle were assessed by semiquantitative immunohistochem- 
ical analyses on serial sections (Fig. 1) in the deep, middle, and 
superficial regions of each group to ensure representative 
sampling. As shown in Fig. 2, running increased the proportion 
of fibers expressing MHC Ha in creatine-fed (by 9%, P < 0.04) 
and control-fed (by 26%, P < 0.0003) groups; however, the 
increase was substantially lower in the creatine group (P < 
0.02), indicating that the running-induced fiber type transitions 
were attenuated in the presence of creatine loading. This was 
reinforced by the finding that the proportion of fibers express- 
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Fig. 2. Percentage of fibers expressing a particular MHC isoform in plantaris 
muscle. Significant difference between Cre-Run and creatine-fed sedentary 
(Cre-Sed). Significant difference between Con-Run and control sedentary 
(Con-Sed). Significant difference between Cre-Run and Con-Run. 



ing MHC lib decreased by 15% (P < 0.004) in the Con-Run 
group compared with the Cre-Run group, which did not differ 
from its sedentary control. The proportion of fibers expressing 
MHC Ild/x was decreased to the same extent (by — 1 1%) in the 
Cre-Run (P < 0.03) and Con-Run (P < 0.05) compared with 
their corresponding sedentary controls. No changes were ob- 
served in the percentage of fibers expressing MHC I or the 
proportions of the various hybrid fiber types. 

CSA. Figure 3 summarizes the CSA of all pure and hybrid 
fiber types. Running alone was associated with an increase in 
the CSA of all pure fiber types (Con-Sed vs. Con-Run) and 
hybrid type IIa/IId(x) fibers. The effects of creatine varied in 
response to the activity conditions. In the sedentary groups, 
creatine loading alone was associated with 22%, 39%, 17%, 
and 21% increases in CSA of type I, I/IIa, Ild(x), and lib fibers, 
respectively (P < 0.002). In the running groups, however, this 
trend was reversed. Creatine loading combined with running 
was associated with 29%, 17%, and 9% decreases in the CSA 
of type IIa/IId(x), Ild(x), and lib fibers, respectively (P < 
0.002). This resulted from a more advanced fiber type transi- 
tion from lib to Ha in the Con-Run (Fig. 4A) than the Cre-Run 
(Fig. 4B) group. 

Parv albumin content. Figure 5A illustrates the immunoblot 
method used to quantify parvalbumin protein content. Parval- 
bumin content was highest in the Con-Sed group (Fig. 5#, P < 
0.03). Running resulted in a ~50% decrease (Con-Run vs. 
Con-Sed, P < 0.03) in parvalbumin content, which corre- 
sponded to the fast-to-slower fiber type transitions observed 
within the subpopulations of fast-twitch fiber types. We were 
surprised to find that creatine feeding alone resulted in a 75% 
decrease in parvalbumin content (Con-Sed vs. Cre-Sed, P < 
0.0004), whereas creatine loading plus running resulted in a 
similarly low level of parvalbumin, which was only 17% of 
that in the Con-Run group. 

Ca 2+ -ATPase (SERCA1 and SERCA2) content The immu- 
noblot methods used to compare the relative abundance of the 
Ca 2+ -ATPase isoforms in the plantaris muscle are illustrated in 
Figs. 6A and 7A. No significant differences were observed in 
fast Ca 2+ -ATPase isoform SERCA1 content (Fig. 6B). As 
expected, running alone resulted in a 43% increase in the slow 
Ca 2+ -ATPase SERCA2 (Con-Sed vs. Con-Run, P < 0.005). 
We were surprised to find that SERCA2 content was elevated 
by 41% (Con-Sed vs. Cre-Sed, P < 0.03) in response to 
creatine loading alone (Fig. IB) and was further elevated by 
another 33% when creatine loading was combined with run- 
ning (Cre-Sed vs. Cre-Run, P < 0.02). 

Reference enzyme activities. All reference enzyme activities 
are summarized in Fig. 8. Enzyme activities in the plantaris 
muscle are within ranges previously reported (2, 52). As 
expected, running alone increased CS (Fig. 8A; P < 0.0001) 
and HADH (Fig. SB; P < 0.05) activities by 41% and 20%, 
respectively. In contrast, when creatine loading was combined 
with running, CS and HADH activities did not increase (Fig. 8, 
A and B). No significant differences were observed in the 
activities of the glycolytic reference enzymes GAPDH (P = 
0.75) and PFK (P - 0.77; Fig. 8, C and D). 

DISCUSSION 

Since it was first reported by Harris et al. (25) that oral 
creatine consumption could elevate total intramuscular creatine 
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Fig. 3. Cross-sectional area (CSA) of type I (A), 
I/IIa (B), Ha (O, IIa/IId(x) (D% Ild(x) (£), Ild(x)/ 
lib (F)» and nb (G) fibers of plantaris muscle. 
a Significant difference between Cre-Run and Cre- 
Sed. b Significant difference between Con-Run and 
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content within human skeletal muscle, the primary focus of 
subsequent studies has been the extent to which creatine 
loading acutely improves fatigue resistance by enhancing the 
available pool of high-energy phosphates (27). In vitro (28) 
and in vivo (9, 57) studies further reveal the potential for 
selective myosin synthesis and muscle fiber hypertrophy with 
prolonged creatine loading. The present study extends the 
findings of those studies and of our previous work (16), which 
investigated the effects of voluntary run training and creatine 
loading on MHC isoform protein contents, whole muscle 



isometric functional properties, and high-energy phosphates 
within the plantaris muscle, to include detailed morphological 
analyses of muscle fiber type distribution and adaptive changes 
to proteins known to regulate intracellular Ca 2+ levels and to 
the metabolic phenotype. Here we report the novel findings 
that chronic creatine loading in the plantaris muscle attenuated 
running-induced fast-to-slow fiber type transitions as deter- 
mined immunohistochemically and prevented associated in- 
creases in aerobic capacity as reflected by lower activities of 
the reference enzymes CS and HADH. Moreover, we were 
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Fig. 4. Myofiber size distribution of type Ha, Ild(x), and lib fibers of plantaris 
muscle of Con-Run (A) and Cre-Run (B) groups. Numerical values represent 
mean proportion of each fiber type. 



surprised to find that chronic creatine loading resulted in a 
dramatic decrease in parvalbumin content and an increase in 
the slow Ca 2+ -ATPase isoform SERCA2. 

Fiber type transitions. The activity pattern of rats on volun- 
tary running wheels is characterized by many short (i.e., <3 
min) bouts of high-intensity (i.e., 40-60 m/min) running 
corresponding to 95-105% of maximal 0 2 consumption (55). 
Our previous study showed that this training regimen induced 
fast-to-slow MHC isoform transitions as determined by gel 
electrophoresis (16) that are qualitatively similar to those found 
in other forms of endurance exercise training (45, 48). The 
immunohistochemically determined fiber types in the present 
study are consistent with the MHC-based isoform transitions 
seen in our previous study (16). Importantly, the immunohis- 
tochemical analyses allowed us to demarcate pure and hybrid 
fiber types and to further conclude that running-induced MHC 
isoform transitions were the result of fast-to-slower fiber type 
transitions within the fast subpopulations and not fiber-specific 
hypertrophy or atrophy. In contrast, although higher levels of 
intramuscular creatine prevented the respective decreases and 
increases in the proportions of type lib and Ila fibers in 
response to running, greater MHC lib content (16) also re- 
sulted from an increase in the CSA of type lib fibers. 

Although the underlying mechanisms that account for our 
observations remain to be elucidated, there is considerable 
evidence of benefit from an enhanced rate and capacity for 
high-energy phosphate shuttling during contractile activity in 
muscles that experience prolonged increases in total creatine 
content (4, 65). This is supported by recent studies that showed 
more rapid restoration of the ATP-to-free ADP ratio during 
recovery from contractile activity by creatine loading (14, 21). 



In contrast to the fast phenotype supported by creatine loading, 
muscle creatine depletion by the creatine antagonist (3-guanidi- 
noproprionic acid O-GPA) disrupts high-energy phosphate 
shuttling (15) and results in muscle fiber atrophy (64) and 
transformation to a slow oxidative phenotype (15, 44, 54, 56). 
The changes induced in the present study by creatine feeding 
and the 0-GPA-induced changes reported by others appear to 
act through alterations in intracellular Ca 2+ concentration. 

In our previous study (16), creatine feeding alone did not 
alter contraction speed (time to peak twitch tension, half-rise 
time, or half-fall time) or relaxation (half-fall time) in the 
plantaris muscle, although it maintained a faster muscle fiber 
phenotype. This indicates an apparent disconnect between the 
MHC-based fiber phenotype and the corresponding contractile 
properties that appears to be primarily related to the adaptive 
changes within proteins known to regulate intracellular Ca 2+ 
(see below). Other factors that influence contractile properties 
independent of MHC and account for slower contraction speed 
may include variations in the isoforms of troponin T or myosin 
light chain (MLC). Leeuw and Pette (38, 39) reported that 
troponin T isoforms and myosin light chain (MLC) isoforms 
could exist in atypical combinations within stimulated fast- 
twitch rabbit muscles and influence contractile properties. For 
example, earlier onset of the fast-to- slow transition of the 
regulatory light chains and delayed fast-to-slow exchange of 
the alkali light chains can generate a spectrum of hybrid 
combinations. Additionally, a reduction in the MLC3f-to- 
MLC2f ratio could also lead to decreased speeds of contraction 
(6, 7, 40) and account for our observations. 

Ca 2+ regulatory proteins. To our knowledge, we are the first 
to report the effects of creatine loading on the levels of protein 
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Fig. 5. A: representative immunoblot of parvalbumin in plantaris muscle. 
B : densitometric evaluation of A as ratio of parvalbumin to a-actinin (loading 
control). See Fig. 3 legend for significance. 
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Fig. 6. A: representative immunoblot of sarco(endo)plasmic reticulum Ca 2+ - 
ATPase (SERCA1) in plantaris muscle. B: densitometric evaluation of A as 
ratio of SERCA1 to p-actin (loading control). 



expression involved in intracellular Ca 2+ regulation. Previous 
studies showed that the pattern of SERCA isoform expression 
is under the control of various factors, including changes in 
contractile activity (48) and active loading (29). Using cyclo- 
sporin A, a calcineurin inhibitor, Bigard and colleagues (5) 
showed that the expression of SERCA and MHC isoforms can 
be coregulated by calcineurin and that a strong coexpression of 
SERCA1 with fast MHC isoforms and SERCA2a with MHC I 
was found in the soleus, but not plantaris, muscle. An expla- 
nation for this disparity may be related to the idea that distinct 
subsets of MHC-typed fibers are differentially sensitive to 
neural activation cues mediating the cellular expression of 
these proteins (13). On the other hand, Zador et al. (66, 67) 
showed that overexpression of the calcineurin inhibitor CAIN 
or partial tenotomy prevented the expression of MHC I in 
regenerating soleus muscle, whereas slow SERCA2 expression 
remained elevated. These findings reveal that the regulation of 
SERCA2 expression is distinct from that of the slow myosin 
and that it may be modulated by neuronal activity but is not 
entirely dependent on it. 

The present study also shows similar asynchronous changes 
in the proportion of type I fibers and SERCA2 content. Run- 
ning alone did not increase the proportion of type I fibers, but 
SERCA2 was significantly increased by 60% (Fig. 7); how- 
ever, this did correspond to a substantial increase in type Ha 
fibers. Creatine feeding and running further elevated slow 
SERCA2 content, whereas the fast-to-slow fiber type transition 
was attenuated. Interestingly, although creatine feeding alone 
did not alter the pattern of fiber types, SERCA2 content was 
remarkably elevated. Thus our data also clearly show that 
SERCA2 expression is not tightly linked to slow fiber types. 
The elevation of SERCA2 in response to creatine feeding alone 



may be related to increases in antiapoptotic proteins, such as 
Bcl-2, which have been shown to increase the stability of 
SERCA2 mRNA and protein (32). Although a casual link 
remains to be established between the expression of antiapop- 
totic proteins and antioxidants, it is interesting to speculate that 
signaling may be initiated by the antioxidant properties of 
creatine (34). 

Similarly, several investigations have suggested that expres- 
sion of the cytosolic Ca 2+ -buffering protein parvalbumin is 
under neural control. Denervation (22) reduces parvalbumin in 
rat fast-twitch muscles, whereas cross-reinnervation (42) of the 
fast-twitch extensor digitorum longus muscle and the slow- 
twitch soleus muscle results in decreases and increases, respec- 
tively, in parvalbumin. Application of a slow motoneuron-like, 
low-frequency impulse pattern (i.e., chronic low-frequency 
stimulation) to rabbit fast-twitch muscle induced a rapid de- 
crease in parvalbumin content (31, 37). The decline in parval- 
bumin content in response to changes in contractile activity 
may be interpreted as a result of the fast-to-slow fiber type 
conversions (47), suggesting that parvalbumin content is under 
the control of fiber-type- specific programs. In contrast, our data 
clearly show that, in fast-twitch muscle, creatine loading alone 
severely reduced (Fig. 6) parvalbumin protein expression, 
which was not further reduced with running, as seen in the 
Con-Run group. Thus our findings indicate that parvalbumin 
protein expression is not purely dependent on neural regula- 
tion. In fact, it may only be indirectly influenced by neural 
regulation through changes in the intracellular energy potential 
that typically precede fast-to-slow fiber type transitions (18, 
45). Because parvalbumin is largely restricted to type Ild/x and 
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Fig. 7. A: representative immunoblot of SERCA2 in plantaris muscle. 
B: densitometric evaluation of A as ratio of SERCA2 to p-actin (loading 
control). See Fig. 3 legend for significance. 
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Fig. 8. Maximum activities of citrate syn- 
thase (EC 4.1.3.7; A), 3-hydroxyacyl-CoA 
dehydrogenase (EC 1.1.1.35; B), GAPDH 
(EC 1.2.1.12; Q, and phosphofructokinase 
(EC 2.7.1.11; D). See Fig. 3 legend for sig- 
nificance. 
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lib fibers, the dramatic reduction in our study suggests that 
elevation of the capacity for high-energy shuttling alleviates 
the need for Ca 2+ buffering by parvalbumin. Thus the intrigu- 
ing possibility exists that the elevation of slow SERCA2 in 
response to creatine loading compensates by increasing the 
efficiency of Ca 2+ reuptake. It also follows that enhanced Ca 2+ 
reuptake would sufficiently maintain a lower free intracellular 
Ca 2+ concentration (50) and, consequently, reduce the activa- 
tion of calcineurin, a Ca 2+ -dependent protein phosphatase, 
which stimulates slow-twitch fiber-specific gene promoters 
(11,43). 

Metabolic profile. The running-induced increases in maxi- 
mal mitochondrial reference enzyme activities, CS and HADH, 
observed in the present study were similar in magnitude to 
those observed in previous reports of rodent run training (9, 
20). However, reciprocal reductions in reference enzymes 
reflecting glycolytic capacity were not observed in the present 
study: levels remained unchanged after 13 wk of run training 
(9, 20). Our novel observation that creatine loading prevented 
a running-induced increase in mitochondrial content in the 
present study is intriguing. The increases in CS and HADH in 
response to run training alone are also similar to our recent 
findings that chronic activation of 5'-AMP-activated protein 
kinase (AMPK) by 5-aminoimidazole-4-carboxamide-ip-d-ri- 
bofuranoside induces similar changes, which reflect mitochon- 
drial biogenesis, which is highly localized within the fast- 
twitch type Ild/x and lib fibers (2, 52). In contrast, the absence 
of an increase in CS or HADH within our creatine-loaded 
plantaris muscles after run training is consistent with inhibition 
of AMPK secondary to a greater average ATP-to-AMP ratio 
during running, as well as direct inhibition of AMPK due to 
elevated phosphocreatine (49). Indeed, it has been shown that 
energy deprivation within murine skeletal muscles by 0-GPA 



feeding can induce substantial mitochondrial genesis in the 
presence of AMPK, but not in the muscles of transgenic mice 
that express an inactive dominant-negative mutant form of 
AMPK (68). 

Perspectives and Significance 

The results of the present study are consistent with the 
notion that creatine loading of rodent skeletal muscles not only 
improves fatigability, as seen in human studies, but also has the 
potential to promote increases in the proportion and CSA of the 
fastest-contracting type lib fibers. These changes should result 
in a more powerful muscle fiber type that appears to be 
adequately supported by the existing glycolytic potential with- 
out changes in the capacity for terminal oxidation of carbohy- 
drates and lipids. This probably relates to the greater rate of 
high-energy phosphate shuttling that is possible in the presence 
of increased intramuscular creatine, which would allow for 
more efficient movement of ATP produced by the glycolytic 
complex, located within each sarcomere, to neighboring con- 
tracting myofibrils. It is not likely that muscles containing high 
proportions of type I and Ha fibers and few type Ild/x fibers, 
such as the human vastus lateralis (52), would benefit from 
creatine loading. In contrast, muscles with higher proportions 
of the fastest fiber type(s) (i.e., type Ild/x or lib fibers) typically 
seen in small mammals (45, 47) are most likely to benefit from 
creatine feeding during exercise training. 
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The average UK adult consumes less than three portions of fruit and vegetables daily, despite 
evidence to suggest that consuming five portions daily could help prevent chronic diseases. It is 
recommended that fruit juice should only count as one of these portions, as juicing removes 
fibre and releases sugars. However, fruit juices contain beneficial compounds such as vitamin C 
and flavonoids and could be a useful source of dietary phytochemicals. Two randomised 
controlled cross-over intervention studies investigating the effects of chronic and acute con- 
sumption of commercially-available fruit- and vegetable-puree-based drinks (FVPD) on bio- 
availability, antioxidant status and CVD risk factors are described. Blood and urine samples 
were collected during both studies and vascular tone was measured using laser Doppler ima- 
ging. In the chronic intervention study FVPD consumption was found to significantly increase 
dietary carotenoids (P = 0 001) and vitamin C (P = 0-003). Plasma carotenoids were increased 
(P = 0 001), but the increase in plasma vitamin C was not significant There were no significant 
effects on oxidative stress, antioxidant status and other CVD risk factors. In the acute inter- 
vention study FVPD were found to increase total plasma nitrate and nitrite (P = 0 001) and 
plasma vitamin C (P = 0 002). There was no effect on plasma lipids or uric acid, but there was 
a lower glucose and insulin peak concentration after consumption of the FVPD compared with 
the sugar-matched control. There was a trend towards increased vasodilation following both 
chronic and acute FVPD consumption. All volunteers were retrospectively genotyped for the 
eNOS G298T polymorphism and the effect of genotype on the measurements is discussed. 
Overall, there was a non-significant trend towards increased endothelium-dependent vasodila- 
tion following both acute and chronic FVPD consumption. However, there was a significant 
time x treatment effect (P<O05) of acute FVPD consumption in individuals with the GG 
variant of the eNOS gene. 

Carotenoids: Flavonoids: CVD: Laser Doppler imaging 



CVD is one of the major causes of death in Europe and is 
responsible for 4-3 x 10 6 deaths each year across the con- 
tinent 1} . One of the emerging risk factors for CVD is 
dysfunction of the endothelium (2 ' 3) , which is characterised 
by a reduction in the bioavailability of vasodilators, pre- 
dominantly NO, endothelium-derived hyperpolarizing fac- 
tor and prostacyclin, and an increase in endothelium-derived 



vasoconstrictors, e.g. thromboxane A 2 , PGH 2 and endothelin 
1 (2) . Endothelial dysfunction can be assessed by measuring 
enhanced and maintained endothelial activation and impair- 
ed endothelium-dependent vasodilation (4) . 

Endothelial activation is determined by an increase in 
the plasma concentrations of soluble cell adhesion mole- 
cules, such as intercellular adhesion molecule-1, vascular 
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cell adhesion molecule- 1, E-selectin and P-selectin, because 
these molecules are shed and released into the plasma from 
the activated endothelium. Elevated concentrations of these 
molecules have been found in patients with all types of 
CVD and those patients who have not developed CVD but 
display coronary risk factors such as smoking, hyperten- 
sion, hypercholesterolemia and diabetes melhtus^l Con- 
sequently, endothelial dysfunction is thought to represent a 
key early stage in the development of atherosclerosis. 

Impaired endothelium-dependent vasodilation in patients 
with CVD was first reported in 1986 (6) . When acetylcho- 
line was injected into the coronary arteries of patients vaso- 
constriction was found instead of the expected relaxation 
and vasodilation response. Established cardiac risk factors 
such as age, gender, hypertension, hyperlipidaemia, dia- 
betes mellitus and smoking, as well as novel risk factors 
such as inflammation and hyperhomocysteinaemia, have 
all been associated with abnormal vasorelaxation (7) . There 
are now substantial data relating impaired endothelial vaso- 
motor function to CHD (8) . Assessment of coronary artery 
endothelial function is commonly achieved by intracor- 
onary infusion of acetylcholine, as it causes release of 
NO and consequently coronary artery dilation (7) . Patients 
with risk factors for atherosclerosis exhibit a diminished 
vasodilatory response to acetylcholine or paradoxical vaso- 
constriction^. Non-invasive methods of assessing endo- 
thelial-dependent vasodilation have now been developed (9) . 
The most frequently used are flow-mediated dilation and 
laser Doppler imaging with iontophoresis. 

The flow-mediated dilation technique uses ultrasonic 
assessment of brachial artery flow during hyperaemia (7) . 
Essentially, forearm or hand ischaemia is induced when the 
arterial blood supply is interrupted with a cuff inflated to 
suprasystolic pressure. When the tourniquet is released 
dilation of the distal micro vasculature induces reactive 
hyperaemia. NO is released locally as a result of the shear 
stress and changes in hydrostatic pressure during the 
hyperaemia. The extent of endothelial function is then 
elucidated from the magnitude of the change in vessel 
diameter from baseline to the peak observed during reac- 
tive hyperaemia. 

It has recently been determined that endothelial dys- 
function also occurs in the peripheral circulation and the 
extent of dysfunction is proportional to that occurring in 
the coronary arteries (10) . Iontophoresis is a technique of 
investigating the vasodilation of the peripheral micro- 
vasculature by delivering vasodilator agents across the skin 
under the influence of an applied electrical field. Ionto- 
phoresis coupled with laser Doppler flowmetry has been 
used as a non-invasive technique for measuring micro- 
vascular perfusion at a single point (11) . However, an 
emerging method combining iontophoresis with laser 
Doppler imaging enables the measurement of perfusion 
across many points and an average measure of perfusion 
can then be calculated for a given area (11) . Acetylcholine is 
administered at the anode and tests endothelial function via 
its vasodilator action of binding to muscarinic receptors on 
endothelial cells and subsequently generating NO; con- 
sequently, acetylcholine is known as an Endothelium- 
dependent' vasodilator. As vasodilation is ultimately 
mediated by the action of NO on vascular smooth muscle 



a NO donor, sodium nitroprusside, is administered at 
the cathode. This compound is used as an 'endothelium- 
independent' vasodilator and acts as a control to test the 
integrity of vascular smooth muscle. Examination of the 
dilation response of skin microvasculature to acetylcholine 
and sodium nitroprusside has shown that the local vasodi- 
latory response is reduced in patients with peripheral 
arterial occlusive disease compared with age- and gender- 
matched healthy controls (12) . 

The effects of phytochemicals from fruits and 
vegetables on endothelial dysfunction 

There are several components of fruit and vegetables 
that have been shown to exert favourable effects on vas- 
cular endothelial function, either by improving endothe- 
lium-dependent vasodilation or by decreasing endothelial 
activation. These components include: folic acid (13) ; the 
antioxidant vitamins C (ascorbic acid) and E (a-tocoph- 
erol) (14 ' 15) ; polyphenols 06 ' 17) ; carotenoids (18) ; fibre (19) . 

The effects of folic acid on endothelial dysfunction. Re- 
search has shown that folic acid can have a beneficial 
effect on the vascular endothelium by reducing plasma 
homocysteine levels (13) . This effect is a result of the role of 
folic acid during the methylation of homocysteine to 
methionine (20) . Homocysteine has several detrimental 
effects on the vascular endothelium, which include: increas- 
ing platelet aggregation and thrombosis (4) ; increasing oxi- 
dative stress by increasing superoxide production (21) ; down 
regulating NO production (22) ; increasing vascular smooth 
muscle proliferation (23) ; increasing leucocyte-endothelium 
interactions (24) . 

There have been several clinical studies that have 
investigated the effects of folic acid supplementation on 
endothelial function. It has been reported that when sub- 
jects who are mildly hyperhomocysteinaemic are supple- 
mented with folic acid (5 mg/d) and pyridoxine (250 mg/d) 
over a 12- week period a decrease is found in both plasma 
von Willebrand factor and thrombomodulin (25) . Another 
study in which subjects received folic acid (5 mg/d) chose 
to investigate forty subjects with familial hypercholester- 
olaemia^ \ After 4 weeks it was found that folic acid 
supplementation restores endothelium-dependent vasodila- 
tion, as assessed by serotonin-induced forearm blood flow 
measurement. In a further intervention study eighteen 
subjects with hyperhomocysteinaemia were given 5mg 
folic acid daily during a 6-week intervention period* 2 . 
Flow-mediated vasodilation of the brachial artery was 
measured and it was found that supplementation improves 
endothelium-dependent vasodilation. 

Two intervention studies of folic acid supplementation 
have been reported that used healthy subjects (13 ' 28) . Both 
studies used 10 mg folic acid/d or placebo and measured 
the outcome by flow-mediated vasodilation of the brachial 
artery. One study comprising seventeen subjects with an 
intervention period of 8 weeks has shown an improvement 
in endothelium-dependent vasodilation (28) . The other study 
of twenty subjects who received the supplement for a 
2-week period carried out vasomotion measurements on 
each subject before and 4h after an oral fat load (50 g, in 
the form of whipped cream) (13) . It was found that folic acid 
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supplementation prevents vasodilation impairment after a 
fat load. 

These supplementation studies suggest that folic acid 
has a beneficial effect on endothelial function, as measured 
by haemostatic markers or flow-mediated vasodilation. 
Although it is suggested that the observations are a result 
of reduced homocysteine concentrations, other mechan- 
isms may also contribute to the effects. 

The effects of vitamins C and E on endothelial dysfunc- 
tion. Endothelial function may be modulated by anti- 
oxidant vitamins such as vitamin C and vitamin E. Animal 
experiments have shown that one form of vitamin E, oc- 
tocopherol, preserves NO-mediated vascular relaxation in 
subjects with hypercholesterolaemia (29,30) . In vitro studies 
with antioxidant vitamins have shown that vitamin E 
reduces cell adhesion molecule expression (31) and mono- 
cyte adhesion to the endothelium (32) and vitamin C leads to 
improvement in endothelium-dependent vasodilation (33) . 

A number of clinical studies have investigated the 
effects of antioxidant supplementation, in the form of 
vitamins C or E, on markers of endothelial activation or 
endothelium-dependent vasodilation. These studies have 
found a decrease in monocyte adhesion with both vitamin 
C (34) and vitamin E (14) , and plasma P-selectin is reduced 
in subjects with hypercholesterolaemia following a-toco- 
pherol suppIementation (35) . It has been reported that infu- 
sion with vitamin C leads to an increase in forearm blood 
flow of 14 ml/1 00 ml per min in subjects after a 6h hyper- 
glycaemic clamp (36) . Vitamin C supplementation has been 
shown to improve endothelium-dependent vasodilation, 
measured by flow-mediated dilation, from 4*2 (se 0-7) % 
to 9-1 (se 1*3) % in subjects with chronic heart fail- 
ure 0 ^ and from 6-6 (sd 3-5) % to 10-1 (sd 5-2) % in 
subjects with coronary artery disease (38) . In healthy sub- 
jects in whom hyperhomocysteinaemia has been induced 
with an oral methionine load the reduction in flow-medi- 
ated dilation can be ameliorated by pre-treatment with 
vitamin C supplementation of 1000 mg/d for 1 week (15) . In 
smokers supplemented with vitamin E (545 mg all-racemic 
a-tocopherol/d) there is an improvement in flow-mediated 
vasodilation of 5*8 (sd 3-2) % for the supplemented group 
v. 2-7 (sd 2-8) % for the placebo group^ 9 *. 

Dilation of blood vessels occurs when endothelial cells 
generate NO (4) . This molecule can react with superoxide 
generated by endothelial cells during cytoplasmic and 
mitochondrial metabolism to form peroxynitrite, which 
is destructive to cells (40) . Antioxidants could therefore 
decrease this consumption of NO and render it bioavailable 
for vasodilation (41) . However, it has been found that high 
physiological concentrations of vitamin C (>1 him) are 
needed to effectively scavenge superoxide and enhance 
endothelium-dependent vasodilation (42) . Vitamin C could 
augment delivery of NO from the plasma to the vascular 
cells (43) . NO can be transported as S-nitrosothiols on 
albumin or free cysteine (44) and vitamin C can release NO 
from 5-nitrosothiols and 5-nitrosoalbumin (45) . However, as 
most of the free NO is likely to be scavenged by Hb and 
erythrocytes (46 ' 47) further investigations are required to 
determine whether sufficient NO can be released by this 
mechanism to promote vasodilation. Another mechanism 
whereby vitamin C could increase vasodilation is by 



regulating endothelial NO synthase (eNOS) by increasing 
the affinity of eNOS for tetrahydrobiopterin (48) . This out- 
come could be achieved by preserving crucial thiol groups 
on eNOS, which are needed in order to bind tetra- 
hydrobiopterin (49) , or by reducing the redox cycling of 
tetrahydrobiopterin by decreasing cellular superoxide or 
peroxynitrite . 

Overall, the studies generally show a supportive role for 
antioxidant vitamins C and E in preserving endothelium- 
dependent vasodilation. This effect is particularly evident 
in subjects with cardiovascular risk factors such as hyper- 
lipidaemia or in patients with diabetes or established CVD. 

The effects of carotenoids on endothelial dysfunc- 
tion. The addition of tomato to the diet has been reported 
to have a protective effect on acetylcholine-induced 
vasorelaxation in hypercholesterolaemic mice fed on an 
atherogenic diet (18) . Mice fed a diet high in saturated fat 
and cholesterol for 4 months were found to have an 
increased plasma lipid peroxide level and a decreased 
vasorelaxing activity in the aorta induced by acetylcholine 
compared with mice on a commercial diet. However, when 
20% (w/w) powdered tomato was added to the atherogenic 
diet a lesser increase in the plasma lipid peroxide level 
was found and acetylcholine-induced vasorelaxation was 
maintained at the same level as that for normal mice. 
Although it was concluded that tomato has a preventive 
effect on atherosclerosis by protecting plasma lipids from 
oxidation, the nature of the protective factor in the tomato 
could not be determined. However, it was noted that 
tomatoes contain a relatively large amount of the caro- 
tenoid lycopene and that the tomato powder used in the 
study contained 1*6 mg lycopene/g. Based on a report that 
indicates that lycopene supplementation inhibits singlet- 
oxygen-mediated oxidation of human plasma LDL (51) and 
the finding that the uptake of tomato reduces the increase 
in plasma lipid peroxide in hypercholesterolaemic mice, it 
was suggested that lycopene might act as an antioxidant in 
plasma^ \ However, plasma lycopene was not measured 
in the mouse study and it was noted that carotenoids are 
thought to be less absorbed by rodents than by human 
subjects. Thus, it was concluded that the findings strongly 
suggest that dietary ingestion of tomato inhibits the oxi- 
dative modification of serum lipids and subsequently 
reduces endothelial dysfunction 0 8) . 

The evidence in support of a preventative function of 
lycopene in CVD primarily originates from epidemiologi- 
cal observations in normal and at-risk populations. The 
most powerful population-based evidence has been derived 
from a European multicentre case-control study (52) . This 
study investigated the relationship between acute myo- 
cardial infarction and adipose tissue antioxidant status. 
Levels of a- and P-carotenes, lycopene and a-tocopherol 
were measured in adipose tissue collected shortly after the 
infarction. However, after adjustment for age, BMI, socio- 
economic status, smoking, hypertension and family history 
of the disease, only lycopene levels were found to be pro- 
tective. The results show a dose-response relationship 
between each quintile of adipose tissue lycopene content 
and the risk of myocardial infarction. 

Although the European multicentre case-control study 
observed no protective effect of P-carotene or a-tocopherol 
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on myocardial infarction (52) , other research has shown 
that these lipophilic antioxidants preserve endothelium- 
dependent relaxation in cholesterol-fed rabbits (53) . Male 
rabbits were divided into four groups; one group was fed a 
commercial diet, another group received the commercial 
diet with 1% (w/w) cholesterol added and the final two 
groups received the 1 % (w/w) cholesterol diet with either 
P-carotene (0-6g/kg chow) or a- tocopherol (lOOOmg a- 
tocopheryl acetate/kg chow). After 28 d on the diets thora- 
cic aortas were collected and analysed for vascular function 
and tissue antioxidant levels. Acetylcholine-induced vaso- 
relaxation was found to be significantly impaired in vessels 
from the cholesterol group (P<0001), whereas vessels 
from the animals supplemented with P-carotene or ot- 
tocopherol displayed normal arterial relaxation. Pre- 
servation of vasorelaxation was found to be associated with 
vascular incorporation of P-carotene and a-tocopherol, but 
unrelated to plasma lipoprotein levels, smooth muscle cell 
function or the extent of atherosclerosis. Increased LDL 
resistance to ex vivo Cu-mediated oxidation was only 
found in the a-tocopherol group. As dysfunction in endo- 
thelium-dependent vasorelaxation is associated with risk of 
CVD (10) , this research may suggest that the benefit of diets 
containing carotenoids on this risk factor may be through 
vascular tissue antioxidant content and not associated with 
the resistance of LDL to ex vivo oxidation. 

The pro-vitamin A activity of P-carotene is well 
known (5 } and vitamin A derivatives, particularly al\-trans- 
retinoic acid (atRA), have been shown to inhibit cellular 
proliferation and promote cellular differentiation (55) . In the 
latter study it was found that atRA increases NO synthesis 
by endothelial cells. Murine endothelioma cells treated 
with or without atRA were found to show a maximum 
increase in nitrite production 24 h after stimulation with 
atRA. eNOS mRNA expression was not found to increase 
after treatment with atRA and there was no detectable 
eNOS or inducible NO synthase mRNA in the cells. The 
effect of atRA on the induction of the dimethylarginine 
dimethylaminohydrolase enzymes that regulate asymmetric 
dimethylarginine metabolism was also investigated. Di- 
methylarginine is an endogenous competitive inhibitor of 
NOS and dimethylarginine dimethylaminohydrolase II 
has been shown to be highly expressed in cardiovascular 
tissues and to have a distribution similar to eNOS (56) . It 
was found that dimethylarginine dimethylaminohydrolase 
II expression is induced by atRA, with the maximum 
increase occurring 12 h after stimulation (55) . This effect 
was also observed in primary porcine aortic endothelial 
cells and the human cell lines SGHEC-7 (SV40 transfected 
human umbilical vein endothelial cells) and ECV304. As 
raised levels of dimethylarginine have been shown to be 
associated with endothelial dysfunction and athero- 
sclerosis^ 7,5 ^ it was suggested that induction of dimethyl- 
arginine dimethylaminohydrolase II by atRA may lower 
dimethylarginine levels and consequently restore NO pro- 
duction. 

These studies support the epidemiological findings that 
carotenoid-containing foods may be beneficial in reducing 
the risk of CVD (59) . However, they suggest that their mode 
of action may not be entirely a result of their antioxidant 
properties. 



The effects of polyphenols on endothelial dys- 
function. In 1993 it was reported that grape juice and 
grape-skin extracts cause endothelium-dependent vaso- 
relaxation^. The study focused on the effect of certain 
wines, grape juices and grape-skin extracts on pre- 
contracted smooth muscle of rat aortic rings. Relaxation 
was found in intact aortic rings, but no effect was observed 
on aortas in which the endothelium had been removed. The 
polyphenols compounds quercetin and tannic acid were 
found to produce endothelium-dependent relaxation. The 
grape extracts were found to increase cGMP levels in the 
intact vascular tissue. Both relaxation and the increase in 
cGMP were reversed by NG-monomethyl-L-arginine and 
NG-nitro-L-arginine, which are competitive inhibitors of 
NO synthesis. These findings suggest that grape-product- 
induced vasorelaxation is mediated by the NO-cGMP 
pathway. To further investigate the effect of various plant 
extracts on endothelium-dependent vasorelaxation aqueous 
extracts of numerous fruits, vegetables, nuts, herbs, spices 
and teas were studied (61) . It was found that many of, but 
not all, these extracts exhibit endothelium-dependent re- 
laxation that is again reversed in the presence of a NO 
synthase inhibitor. 

Following on from the initial work with grape products 
performed on rat aorta (60 ' 61) , other studies on various iso- 
lated animal and human blood vessels have reached similar 
conclusions (62) . These studies used a variety of plant 
polyphenol sources such as cocoa, tea, hawthorn (Cra- 
taegus monogyna and Crataegus oxyacantha fruit), honey 
and pine (Pinus maritima) bark. All these studies have 
found that plant polyphenols produce endothelium-depen- 
dent vasorelaxation that is associated with increased cGMP 
formation and reduced by NO synthase inhibitors. 

Structure-activity (endothelial NO release and relax- 
ation of isolated blood vessels) relationships for different 
classes of polyphenols have been examined^ 6, 17) . The most 
active fractions in red wine were found to be flavan-3-ol- 
enriched oligomeric condensed tannins, particularly dimers 
and trimers, and the most active monomer was the antho- 
cyanin delphinidin (16) . Surprisingly, structurally-similar 
anthocyanins, such as malvidin and cyanidin, were not 
found to be active. However, substitution of the flavan 
moiety with free hydroxyl residues at precise locations has 
been found to be important to induce endothelial NO 
release (17) . 

The mechanisms of eNOS activation in response to cir- 
culating hormones, local autacoids and substances released 
by platelets, by the coagulation cascade and by the auto- 
nomic nervous system involve intracellular Ca 2+ (63) . This 
role of Ca 2+ is supported by the relaxation of rat aorta (64) 
and the increase in Ca 2+ concentration in bovine aortic 
endothelial celis (65) caused by a polyphenolic extract from 
alcohol-free red wine and by delphinidin, which are both 
Ca 2+ dependent effects. Furthermore, wine polyphenols 
are unable to increase Ca 2+ concentration in smooth muscle 
cells, indicating the selectivity of this effect (65) . 

Long-term incubation of endothelial cells with red 
wine increases eNOS expression (66,67) . This effect is only 
achieved, however, with large volumes of red wine (1 % 
(v/v) in culture medium for 10 d, 3% (v/v) for 24 h and 
10% (v/v) for 12h) (67) . Resveratrol, also a polyphenolic 
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component of red wine, stimulates eNOS expression in the 
concentration range of 10-100 (iM, as well as increasing 
the activity of the eNOS promoter and stabilising eNOS 
mRNA (66) . 

In a study of the incorporation of elderberry (fruit of 
elder; Sambucus nigra) anthocyanins by bovine and human 
aortic endothelial cells treated with an elderberry extract 
(1 mg/ml) and incubated for 1, 2, 4, 6, 8, 16 and 24 h, maxi- 
mum incorporation was found after 4h (68) . By separation 
of the cell membranes and cytosol it was demonstrated that 
the anthocyanins were incorporated into the plasma mem- 
brane as well as penetrating into the cell cytosol. Uptake 
into both regions was found to be structure dependent, with 
monoglycoside concentrations higher than those of the 
diglucosides. The incorporation of elderberry anthocyanins 
was found to be protective against H 2 0 2 , 2,2'-azobis(2- 
amidinopropane) ^hydrochloride and FeS0 4 -ascorbic 
acid. 

A protective effect of blackberry (Rubus fruticosus) 
anthocyanins, notably cyanidin-3-O-glucoside, on endo- 
thelial cells has also been reported ( \ In this study the 
effect of peroxynitrite on human umbilical vein endothelial 
cells incubated with differing concentrations of blackberry 
juice was investigated. It was found that blackberry juice 
reduces the peroxynitrite-induced suppression of mito- 
chondrial respiration, DNA damage and poly (ADP-ribose) 
synthetase activation in human umbilical vein endothelial 
cells. It was also reported that vascular rings exposed to 
peroxynitrite demonstrate reduced endothelium-dependent 
relaxant responses to acetylcholine, which is improved by 
the blackberry juice. 

In addition to research with endothelial cells, poly- 
phenols have also been incubated with platelets (70) . Incu- 
bation of platelets with diluted purple-grape juice leads to 
inhibition of aggregation, enhanced release of platelet- 
derived NO and decreased superoxide production* 70 *. In 
order to investigate these effects in vivo, an intervention 
trial was conducted in which twenty healthy subjects con- 
sumed 7 ml purple-grape juice/kg daily for 14 d. Following 
the intervention platelet aggregation was found to be 
inhibited, platelet-derived NO production increased from 
3-5pmol/10 8 platelets to 6-0pmol/10 8 platelets and super- 
oxide release decreased from 29-5 arbitrary units to 19-2 
arbitrary units. It was also reported that a-tocopherol levels 
significantly increase and plasma protein-independent 
antioxidant activity increases by 50%. 

Other intervention trials have investigated the effect of a 
range of polyphenols on endothelial dysfunction (71 ' 72) . In a 
study of the effects of white and red wines on the endo- 
thelial function of fourteen subjects with coronary artery 
disease 4 ml wine/kg was administered alongside a con- 
trolled meal low in antioxidants^ 1) . Measurement of flow- 
mediated dilation of the brachial artery indicated an 
improvement in dilation after 360 min, although no differ- 
ence was found between the two types of wine. Con- 
sumption of an isoenergetic cordial was not found to 
improve dilation. No difference in plasma polyphenols was 
observed in blood samples taken at baseline, 60 min and 
360 min after consumption of either type of wine. 

In another study of patients with coronary artery disease 
fifty patients with proven coronary artery disease underwent 



an intervention trial of black tea consumption (72) . Short- 
term effects were measured by examining the subjects 2h 
after consumption of 450 ml tea or water and long-term 
effects were measured after consumption of 900 ml tea or 
water daily for 4 weeks. Measurements of flow-mediated 
vasodilation of the brachial artery showed improvement 
with both the short- and long-term tea consumption, 
whereas water was found to have no effect. Administration 
of an equivalent oral dose of caffeine was not found to 
have any short-term effect on flow-mediated vasodilation. 
Plasma concentrations of flavonoids were shown to in- 
crease after both the short- and long-term tea consumption. 
Although tea contains antioxidant flavonoids, studies have 
shown that tea consumption has no effect on plasma anti- 
oxidant capacity, plasma concentrations of F 2 -isoprostanes, 
markers of systemic lipid peroxidation or 8-hydro- 
xydeoxyguanosine (73) . 

Many fruits and vegetables contain polyphenolic flavo- 
noid compounds (74,75) , some of which have been shown to 
increase the activity of the eNOS enzyme (76) . eNOS is 
responsible for the generation of the vasodilator NO from 
L-arginine in the vascular endothelium (77) . A common sin- 
gle-nucleotide polymorphism (G298T) occurs in the eNOS 
gene that modifies its coding sequence, replacing a gluta- 
mate residue at position 298 with an aspartate residue, and 
this polymorphism has been linked to increased risk of 
cardiovascular events (78_82) . 

Two studies have been conducted to investigate the 
effects of chronic and acute consumption of commercially- 
available fruit and vegetable puree-based drinks (FVPD) 
on vasodilation, phytochemical bioavailability and anti- 
oxidant status in healthy individuals aged between 30 and 
70 years (TW George, C Niwat, S Waroonphan, MH 
Gordon and JA Lovegrove, unpublished results; TW 
George, E Paterson, S Waroonphan, MH Gordon and JA 
Lovegrove, unpublished results). FVPD were chosen to 
provide a convenient source of fruit and vegetable nu- 
trients and phytochemicals such as vitamin C and flavo- 
noids. FVPD enabled all the participants to receive a 
standardised product throughout the duration of the studies, 
which would have been difficult to achieve with fresh 
produce. The participants of both studies were retro- 
spectively genotyped for the G298T polymorphism and 
their endothelium-dependent vasodilation responses re- 
analysed in relation to genotype. 



Materials and methods 

Study participants 

Thirty-nine participants completed the chronic study 
(twenty-four females and fifteen males, mean age (years) 
45 (sd 9) and 44 (sd 11) respectively) and twenty-four 
completed the acute study (twenty males and four females, 
mean age (years) 46 (so 11) and 49 (sd 4) respectively). 
The participants in both studies were recruited if they met 
the criteria: no known liver disease, diabetes mellitus or a 
diagnosed mycocardial infarction; no gall bladder pro- 
blems or abnormalities of fat metabolism; no subjects on 
weight-reducing diets or taking dietary supplements; no 
vigorous exercise or excess consumption of alcohol; BMI 
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<30kg/m ; blood pressure < 150/90 mmHg and Hb 
>125g/l. Basic anthropometric measurements were recor- 
ded for all study participants and fasting blood was taken 
and analysed for liver function status, lipid levels, fasting 
glucose and a measure of potential alcohol abuse. The 
studies were approved by the University of Reading 
Research Ethics Committee and each participant gave 
informed consent before participating. 

Study designs 

The chronic study was a single-blind randomised con- 
trolled cross-over dietary study. After a 1-week run-in 
period with control drink (lemon barley water; Robinsons 
Ltd, Chelmsford, Essex, UK), the participants consumed 
the test intervention of two FVPD (Vie shots; Unilever 
Bestfoods GmbH, Ansbach, Germany) per d or a control 
drink of diluted fruit-flavoured cordial for a 6-week period 
(for details of drinks, see later). After 8 weeks the par- 
ticipants were asked to repeat the intervention but con- 
suming the other drink. Participants completed two 5 d diet 
records (four weekdays and one weekend day) during each 
cross-over arm of the study (four diaries in total for each 
subject). Fasting plasma and urine samples were collected 
at baseline and at the end of the intervention period in each 
arm of the study. In addition, a real-time measure of vas- 
cular tone using laser Doppler iontophoresis before and 
after the intervention period was performed on a subset of 
the participants (n 19) in one arm of the study in a parallel 
study design. 

The acute study was a single-blind controlled cross-over 
dietary study. The participants consumed a low-flavonoid 
diet for the 5 d preceding the study day. On the study day a 
flexible cannula was inserted into the forearm and blood 
samples were taken at baseline and at twelve additional 
time points after consumption of the relevant drink (eight 
samples 30min apart followed by four samples lh apart). 
Urine was collected before the drink (FVPD or sugar- 
matched control) was consumed and then at two-hourly 
intervals for the 8 h of the study day. Laser Doppler ion- 
tophoresis measurements were recorded at baseline and at 
five 90min intervals following drink consumption. The 
whole procedure was repeated with the other intervention 
drink after a 4-week washout period. 



Table 1. Nutrient composition (/100 ml) of fruit- 


and vegetable- 




r\i irises hnr /"IrlnL^o 

puree-Daseu unriKs 






Apple, carrot 


Orange, banana 




and strawberry* 


and carrot* 


Energy (kJ) 


264 


335 


Protein (g) 


1-0 


2-0 


Carbohydrate (g) 


13-6 


170 


Sugars (g) 


12-6 


15-8 


Fat (g) 


0-5 


0-4 


Saturates (g) 


0-1 


0-1 


Fibre (g) 


1-5 


1-5 


Na (g) 


003 


0-02 


Ascorbic acid (mg) 


360 


48-5 


Total carotenoids (mg) 


5-1 


6-6 


a-Carotene (mg) 


1-5 


1-9 


p-Carotene (mg) 


2-6 


3-3 


Nitrate and nitrite (mg) 


0-19 




*Vie shots; Unilever Bestfoods GmbH, Ansbach, Germany. 


Table 2. Nutrient composition (/50 ml) of control drinks 




Lemon Orange 


Acute 




barley barley 


study 




water* water* 


control drinkf 


Energy (kJ) 


48 49 


203 


Protein (g) 


0-2 0-2 


0-3 


Carbohydrate (g) 


10-9 116 


50-4 


Sugars (g) 


9-9 10-6 


50-4 


Fat (g) 


Trace Trace 


Trace 


Saturates (g) 


0 0 


Trace 


Fibre (g) 


0-1 Trace 


0-1 


Na (g) 


Trace Trace 


Trace 


Ascorbic acid (mg) 




Trace 


Nitrate and nitrite (mg) 


0-0 


00 



*Robinsons Ltd, Chelmsford, Essex, UK. 

t50 ml fruit-flavoured cordial (lemon barley water; Robinsons Ltd), which was 
matched for sugar composition and diluted with mineral water (The Buxton 
Mineral Water Co. Ltd, Buxton, Derby., UK). 



fruit-flavoured cordial (lemon barley water), which was 
matched for sugar composition and diluted with mineral 
water (The Buxton Mineral Water Co. Ltd). 



Intervention drinks 

For the chronic study participants were asked to consume 
two bottles (2 x 100 ml) of FVPD daily. The FVPD were 
fruit and vegetable preparations made from purees and 
concentrated juices, which contained the equivalent of 
200 g fruit and vegetables per bottle. Participants were 
asked to consume daily one bottle of apple, carrot and 
strawberry and one bottle of orange, banana and carrot 
drink. The control drink was either orange or lemon barley 
water (50 ml diluted to 400 ml with mineral water (The 
Buxton Mineral Water Co. Ltd, Buxton, Derby., UK) 
daily). The nutrient composition of the FVPD and the 
control drinks is shown in Tables 1 and 2 respectively. 

For the acute study participants were asked to consume 
400 ml FVPD (apple, carrot and strawberry) or 50 ml 



Blood sample collection 

Blood samples were collected into separate vacutainer 
tubes containing citrate, EDTA and heparin anticoagulants, 
which were immediately wrapped in foil and kept on 
ice for transport to the laboratory. Each subject's blood 
samples were centrifuged at 4°C at 3000 rpm immediately 
after collection, plasma and buffy coat were retained, ali- 
quots of plasma were put into separate cryogenic vials for 
storage and all samples were frozen for future analysis. 
The objective of this approach was to minimise oxidative 
changes within the plasma sample before storage at 
-80°C. Analyses were not carried out until the interven- 
tion study had been completed and then all samples for 
each subject were analysed within one batch to reduce 
inter-batch variation. 
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Laser Doppler imaging with iontophoresis 

Vascular reactivity was recorded for a subgroup of nine- 
teen of the thirty-nine participants in the chronic study and 
for all twenty-four participants in the acute study. Measure- 
ments were taken with each subject in a supine position in 
a quiet room maintained at an ambient temperature of 
22±1°C. Two ION6 chambers (Moor Instruments Ltd, 
Axminster, Devon, UK) were placed on the forearm and 
connected to a MIC2 iontophoresis controller (Moor 
Instruments Ltd). Acetylcholine chloride (Sigma Aldrich, 
Poole, Dorset, UK; 2-5 ml; 1% (w/v) in 0-5% (w/v) NaCl 
solution) was placed in the anodal chamber and sodium 
nitroprusside (Sigma Aldrich; 2*5 mi; 1% (w/v) in 0-5% 
(w/v) NaCl solution) was placed in the cathodal chamber. 
Current delivery was controlled by laser Doppler imager 
Windows software (Moor Instruments Ltd). Measurement 
of skin perfusion was carried out using a laser Doppler 
imager (moorLDI2; Moor Instruments Ltd). Repeat scans 
were taken with increasing current, to give a total charge 
of 8 mC. The area under the flux v. time curve represented 
the microvascular response. 



Plasma lipid profiles and plasma glucose 

Analyses of plasma TAG, total cholesterol, HDL-choles- 
terol, NEFA and glucose hexokinase were performed using 
an Instrument Laboratory ILAB 600 autoanalyzer and 
standard kits (Instrumental Laboratories Ltd, Warrington, 
Ches., UK). Appropriate sero-normal, low- and high-quality 
control standards (Instrument Laboratories Ltd) were 
included in all batches. 



Plasma insulin 

Insulin was assessed by ELISA (Dako Cytomation, Ely, 
Cambs., UK) with in-house pooled plasma controls in each 
batch. 



Total nitrite and nitrate 

Total nitrate and nitrite was measured using an ELISA kit 
(Active Motif, Rixensart, Belgium) based on the Greiss 
reaction (86) for plasma, FVPD and the control drink. 

Analysis of Glu298Asp polymorphism 

DNA was isolated from the buffy coat layer of 10 ml blood 
collected in an EDTA vacutainer using the Qiagen DNA 
Blood Mini Kit (Qiagen Ltd, Crawley, West Sussex, UK). 
Allelic discrimination of the eNOS gene variants was 
conducted using TaqMan PCR technology (7300 Instru- 
ment; Applied Biosy stems, Warrington, Ches., UK) and 
Assay-on-Demand SNP genotyping assays (Applied Bio- 
systems). 

Dietary analysis 

The diet diaries were analysed using Diet Cruncher nut- 
ritional analysis software (Way Down South Software, 
Dunedin, New Zealand) in combination with an electronic 
version of the McCance and Widdowson 6th edition food 
composition database (Food Standards Agency, London, 
UK). 

Statistical analyses 

All statistical analyses were performed using SPSS 13.0 for 
Microsoft Windows (SPSS Inc., Chicago, IL, USA). The 
data were assessed for normality using the Shapiro-Wilk 
test, as the number of subjects was less than fifty. Those 
data that were not normally distributed were log trans- 
formed and reassessed. A repeated measure ANOVA was 
used to test for differences between treatment groups, with 
Bonferroni correction to reduce the likelihood of chance 
findings from multiple comparisons. A value of P < 0*05 
was used to define significance and a 95 % CI. The data are 
presented as means with their standard errors, unless 
otherwise stated. 



Plasma ascorbic acid and uric acid 

Plasma samples were treated with an equal volume of 10% 
(v/v) metaphosphoric acid, centrifuged at 12000rpm for 
lOmin and the supernatant fraction stored at -80°C before 
analysis for ascorbic acid by HPLC with UV detection (83) 
and simultaneous determination of uric acid (84) . 



Plasma carotenoids and tocopherols 

Plasma carotenoids and tocopherols were measured by 
the method of Thurnam et a/.^ 5) using a Hewlett Packard 
1050 HPLC system with a Nucleosil 100-5C18 column 
(250 mm x 46 mm; Hichrom Ltd, Reading, Berks., UK) at 
a flow rate of l-5ml/min and the detector set to monitor 
at 292 nm for a- and y-tocopherol, 450 nm for lutein, 
(3-cryptoxanthin, a-carotene and (3-carotene and 472 nm for 
lycopene. 



Results 

Chronic FVPD consumption 

Table 3 summarises the major findings from the chronic 
FVPD consumption study. There was a significant increase 
in dietary carotenoids and ascorbic acid following FVPD 
consumption (P = 0*001 and P = 0-003 respectively). There 
was an increase in plasma carotenoids and ascorbic acid, 
which was significant for plasma carotenoids (P = 0*001). 
There was no significant effect of FVPD on measures of 
oxidative stress, oxidative stability, lipid profiles, plasma 
homocysteine, von Willebrand factor, C-reactive protein or 
on the susceptibility of LDL particles to oxidation (data 
not shown). 



Acute FVPD consumption 

The participants exhibited a lower glucose and insulin 
peak concentration after consumption of the FVPD com- 
pared with the sugar-matched control (Figs. 1 and 2 
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Table 3. Summary of dietary and plasma carotenoid and ascorbic acid concentrations before and after 6 weeks of chronic consumption of 

fruit- and vegetable-puree-based drinks (FVPD) or control (n 39)* 



Control 



FVPD 





WeekO 


Week 6 


WeekO 


Week 6 


Pt 


Mean 


SE 


Mean 


SE 


Mean 


SE 


Mean se 


Dietary total carotenoids (jig/d) 


3239 


2710 


2648 


1927 


2522 


1914 


13852 2573 


0001 


Dietary ascorbic acid (mg/d) 


117 


63 


101 


60 


114 


53 


154 42 


0-003 


Plasma oc-carotene Qimol/I) 


0-25 


0-16 


0-22 


0-13 


0-20 


0-11 


0-96 0-45 


0-001 


Plasma p-carotene ((xmol/l) 


0-34 


0-23 


0-32 


0-22 


0-32 


0-23 


0-76 0-46 


0-001 


Plasma ascorbic acid (umol/1) 


91 


37 


81 


36 


89 


32 


97 4 


NS 



The FVDP drink was one 100 ml bottle of apple, carrot and strawberry and one 100 m( bottle of orange, banana and carrot (Vie shots; Unilever Bestfoods GmbH, 
Ansbach, Germany) daily and the control drink was 50 ml lemon barley water (Robinsons Ltd, Chelmsford, Essex, UK) diluted to 400 ml with mineral water (The 
Buxton Mineral Water Co. Ltd, Buxton, Derby., UK) daily. For details of studies, see text. 

fChange over time in the FVPD group. 




240 
Time (min) 



480 



Fig. 1. Plasma glucose concentration (mmol/l; n 24) following acute consumption of fruit- and vegetable-puree- 
based drinks (400 ml apple, carrot and strawberry (Vie shots; Unilever Bestfoods GmbH, Ansbach, Germany); 
■ — ■) or control (50 ml fruit-flavoured cordial (lemon barley water; Robinsons Ltd, Chelmsford, Essex, UK), 
which was matched for sugar composition and diluted with mineral water (The Buxton Mineral Water Co. Ltd, 
Buxton, Derby., UK); ♦---♦). Values are means with their standard errors represented by vertical bars. The 
time x treatment effect was significant (P= 0 019). The between-treatment effect was significant (after post-hoc 
*P<0-05. 



respectively). There was a significant time x treatment 
effect on plasma glucose and insulin (P- 0-019 and P = 
0-003 respectively). There was a significant time- 
treatment effect of FVPD consumption on plasma ascorbic 
acid and total plasma nitrate and nitrite (P = 0-002 (Fig. 3) 
and P~ 0-001 (Fig. 4) respectively). There was a sig- 
nificant increase in plasma ascorbic acid from 60 min until 
the end of the study day (Fig. 3). There was an increase in 
total plasma nitrate and nitrite at all time points following 
FVPD consumption (Fig. 4). 

There was no effect of FVPD ingestion on plasma TAG, 
HDL-cholesterol, total cholesterol or NEFA compared with 
control drink consumption (data not shown). 

Effect of G298T polymorphism on vasodilation 

Table 4 shows the distribution of the different G298T 
genotypes among participants in the chronic and acute 
studies. In the chronic study laser Doppler iontophoresis 
measurements were recorded in a subgroup of nineteen 



participants (seven GG, eleven GT and one TT). In the 
acute study the genotype distribution of the twenty-four 
participants was eleven GG, eleven GT and two TT. There 
were only two individuals with the TT genotype in the 
acute study and one in the chronic study; because of lack 
of power these individuals were excluded from any statis- 
tical analysis. 

The increase in endothelium-dependent vasodilation 
induced by acetylcholine after 6 weeks of FVPD con- 
sumption compared with the control intervention when all 
the subjects (seven control and eleven FVPD) were com- 
bined did not reach significance (P = 0-079), and there was 
no significant effect of treatment when the genotypes were 
examined individually (Fig. 5). There was a significant 
time x treatment effect (P<005) of acute FVPD con- 
sumption for the GG genotype. After post-hoc tests there 
was significantly higher endothelium-dependent vasodila- 
tion after 180 min (Fig. 6; P = 0-028). There was no effect 
of FVPD on endothelium-dependent vasodilation for indi- 
viduals with the GT genotype. There was no effect of 
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Fig. 2. Plasma insulin concentration (pmol/l; n 24) following acute consumption of fruit- and vegetable-puree- 
based drinks (400 ml apple, carrot and strawberry (Vie shots; Unilever Bestfoods GmbH, Ansbach, Germany); 
■ — ■) or control (50 ml fruit-flavoured cordial (lemon barley water; Robinsons Ltd, Chelmsford, Essex, UK), 
which was matched for sugar composition and diluted with mineral water (The Buxton Mineral Water Co. Ltd, 
Buxton, Derby., UK); ♦---♦). Values are means with their standard errors represented by vertical bars. The 
time x treatment effect was significant (P = 0 003). The between-treatment effect was significant (after post-hoc 
tests): *P<005. 
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Fig. 3. Plasma ascorbic acid concentration (umol/1; n 24) following acute consumption of fruit- and 
vegetable-puree-based drinks (400 ml apple, carrot and strawberry (Vie shots; Unilever Bestfoods 
GmbH, Ansbach, Germany); ■) or control (50 ml fruit-flavoured cordial (lemon barley water; Robinsons 
Ltd, Chelmsford, Essex, UK), which was matched for sugar composition and diluted with mineral water 
(The Buxton Mineral Water Co. Ltd, Buxton, Derby., UK); H). Values are means with their standard 
errors represented by vertical bars. The time x treatment effect was significant (P= 0-002). The 
between-treatment effect was significant (after post-hoc tests): *P<005. 



FVPD on endothelium-independent vasodilation induced 
by sodium nitroprusside (data not shown). 



Discussion 

The objective of the present research was to investigate the 
chronic and acute effects of FVPD consumption on vaso- 
dilation, bioavailability of phytochemicals and ascorbic 
acid and risk factors for CVD. The chronic consumption of 



FVPD resulted in an increase in dietary carotenoids and 
ascorbic acid. The significant increase in plasma car- 
otenoids, notably a- and P-carotene, showed that the diet- 
ary carotenoids present in the FVPD were absorbed after 
ingestion. There was no effect of the FVPD on antioxidant 
status or markers of oxidative stress. It is speculated that 
this lack of findings could have reflected the preference of 
the participants to consume the FVPD in the morning, 
approximately 24 h before they gave a fasted blood sample 
and morning urine sample. Thus, many of the components 
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Fig. 4. Total plasma nitrate and nitrite concentration (u.mol/1; n 24) following acute consumption of fruit- 
and vegetable-puree-based drinks (400 ml apple, carrot and strawberry (Vie shots; Unilever Bestfoods 
GmbH, Ansbach, Germany); ■) or control (50 ml fruit-flavoured cordial (lemon barley water; Robinsons 
Ltd, Chelmsford, Essex, UK), which was matched for sugar composition and diluted with mineral water 
(The Buxton Mineral Water Co. Ltd, Buxton, Derby., UK); □). Values are means with their standard errors 
represented by vertical bars. The time x treatment effect was significant (P= 0-001). The between- 
treatment effect was significant (after post-hoc tests): *P<0-05. 



Table 4. Distribution of G298T genotypes among subjects partici- 
pating in studies of the chronic and acute consumption of fruit- and 
vegetable-puree-based drinks* 







G298T genotypes 




GG 


GT 


TT 


Chronic study 


7 


11 


1 




(3 M, 4 F) 


(2 M, 9 F) 


(1 M) 


Acute study 


11 


11 


2 




(9 M, 2 F) 


(10 M, 1 F) 


(1 M, 1 F) 



M, males; F, females. 

*For details of studies, see text. 



of the FVPD would have been metabolised and would no 
longer be present in the plasma, having limited effect on 
the antioxidant status or markers of oxidative stress. 

Consequently, a second study was performed which in- 
volved acute ingestion of FVPD, with blood samples were 
taken throughout the study day. The participants followed 
a low-flavonoid diet for the 5 d preceding the study day to 
ensure there was a low background level of these phyto- 
chemicals present in the plasma before FVPD consump- 
tion. There was an increase in antioxidant status during the 
first 4 h after FVPD consumption (data not shown), which 
was consistent with previous studies (87) . The participants 
displayed a lower glucose and insulin peak concentration 
after consumption of the FVPD compared with the sugar- 
matched control. The FVPD was prepared from con- 
centrated juices and purees, so there may have been an 
effect of the fruit and vegetable matrix on the availability 
of the sugars present in the FVPD compared with the 
control drink in which the sugars were in solution in 
mineral water. There was an increase in plasma ascorbic 



acid throughout the day following FVPD consumption, 
which could have contributed to the increase in antioxidant 
status. Total plasma nitrate and nitrite was also increased 
following FVPD and remained higher throughout the 
day compared with the control. The increase in plasma 
nitrate and nitrite may have been a result of increased 
NO production or increased NO sparing. The FVPD was 
a potential source of flavonoid compounds, particularly 
(-)-epicatechin derived from the 56% (v/v) apple content, 
which has been shown to increase eNOS activity by 
scavenging superoxide (76) . 

After the two studies had been completed the partici- 
pants were retrospectively genotyped for the G298T poly- 
morphism in the eNOS gene. After chronic consumption 
of FVPD there was an increase in endothelium-dependent 
vasodilation induced by acetylcholine, but there was in- 
sufficient power to test the effect of genotype. In the acute 
study there was a significant increase in endothelium- 
dependent vasodilation in participants with the GG geno- 
type 180 min after FVPD consumption. There was no 
effect of FVPD consumption on endothelium-dependent 
vasodilation in participants with the GT genotype or on 
endothelium-independent vasodilation for either genotype. 
This result is comparable with findings from venous 
occlusion plethysmography (88) , which have shown that the 
change in forearm blood flow ratio between the infused 
and the control arm in response to acetylcholine is 
decreased in healthy individuals with the GT genotype 
compared with those with GG variants (3*79 (sd 2-28), 
P = 0*07 v. 3*97 (sd 1*90), P = 0*04 respectively) and that 
there is no effect of genotype on the response to the 
endothelium-independent vasodilator sodium nitroprusside. 

In conclusion, the current studies suggest that con- 
sumption of the equivalent of five portions of fruit and 
vegetables in the form of puree and fruit juice concentrates 
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Response after 6 weeks of drink consumption 

Fig. 5. Endothelium-dependent vasodilation response to acetylcholine of participants with GG 
(n 7) and GT (n 1 1) genotype after 6 weeks of intervention with either control (50 ml lemon or 
orange barley water (Robinsons Ltd, Chelmsford, Essex, UK) diluted to 400 ml with mineral 
water (The Buxton Mineral Water Co. Ltd, Buxton, Derby., UK) daily; □) or fruit- and vege- 
table-puree-based drinks (FVPD; one 100 ml bottle of apple, carrot and strawberry and one 
100 ml bottle of orange, banana and carrot (Vie shots; Unilever Bestfoods GmbH, Ansbach, 
Germany) daily; M). Values are means with their standard errors represented by vertical bars. 
Data are shown as the percentage from baseline of the incremental area under the curve 
(IAUC) of the repeated scans by laser Doppler imaging with iontophoresis. 
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Fig. 6. Endothelium-dependent vasodilation response to acetylcholine of partici- 
pants (n 22) with GG (□, rj; n 11) and GT (SB, ■; n 11) genotype after acute 
ingestion of either control (50 ml lemon barley water (Robinsons Ltd, Chelmsford, 
Essex, UK), which was matched for sugar composition and diluted with mineral 
water (The Buxton Mineral Water Co. Ltd, Buxton, Derby., UK); □, ■) or fruit- and 
vegetable-puree-based drinks (FVPD; 400 ml apple, carrot and strawberry (Vie 
shots; Unilever Bestfoods GmbH, Ansbach, Germany); i, |). Values are means 
with their standard errors represented by vertical bars. Data are shown as the 
percentage from baseline of the incremental area under the curve (IAUC) of the 
repeated scans by laser Doppler imaging with iontophoresis. The time x treatment 
effect was significant for GG individuals (P = 0 05). The between-treatment effect 
was significant (after post-hoc tests): *P<0 05. 
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increases dietary phytochemicals and micronutrients when 
consumed chronically and increases dietary phytochem- 
icals, micronutrients, plasma antioxidant status and total 
nitrate and nitrite concentrations when consumed acutely. 
FVPD consumption has a beneficial effect on endothelium- 
dependent vasodilation for individuals with the GG variant 
of the eNOS gene. This research supports previous data 
suggesting that the G298T polymorphism is associated 
with reduced endothelium-dependent vasodilation in healthy 
subjects that is not affected by fruit and vegetable con- 
sumption. Further research is required to investigate the 
effects of genotype in relation to chronic fruit and 
vegetable consumption and endothelium-dependent vaso- 
dilation. 
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